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FOREWARD

The ground based development and experimental work, as well
as the flight experiments, included in this Final Report took
place over a five and one-half year period. The objective of
this research program is explicitly stated in the title,
"Production of Large-Particle-Size Monodispersé Latexes", where
at the time at which this program was initiated monodisperse
latexes could be prepared only up to 2um. The research program
included in this Final Report have achieved two objectives:

(1) it has refined and extended the experimental techniques

for preparing monodisperse latexes in quantity on the ground up
to a particle diameter of 10um, and (2) it has demonstrated

that a microgravity environment can be used to grow monodisperse
latexes to larger sizes, where the limitations in size have yet
to be defined.

Two research assistants, E.D. Sudol and C.M. Tseng, have
been working on this project from the beginning, and a third
research assistant, A. Silwanowicz, has spent two years on this
pProject. All three graduate students have recently graduated,
E.D. Sudol with a Ph.D. in Chemical Engineering, C.M. Tseng with
a Ph.D. in Polymer Science and Engineering, and A. Silwanowicz
with a M.S. Degree in Chemical Engineering, where their theses
work represents all the research carried out under this contract.
This Final Report consists of the material taken from the three
theses of Sudol, Tseng, and Silwanowicz, which are designated
Parts A, B, and C, respectively. Although some redundancy is
present, it should be noted that in these cases essentially the
same material is treated from a different point of view.

Part A treats the experimental development of the monodisperse
latex reactor, MLR, and the seeded emulsion polymerizations carried
out in the laboratory prototype of the flight hardware, LUMLR, as
a function of the operational parameters. The emphasis in this

section is directed towards the measurement, interpretation, and



modeling of the kinetics of seeded emulsion polymerization and
successive seeded emulsion polymerization. Part B treats the
recipe development of seeded emulsion polymerization as a func-
tion of particle size. The equilibrium swelling of latex par-
ticles with monomers was investigated both theoretically and
experimentally. Extensive studies are reported on both the type
and concentration of initiators, surfactants, and inhibitors,
which eventually led to the development of the flight recipes.
Parts A and B both report on the experimental results of the
flight experiments. Part C treats the experimental development
of inhibition of seeded emulsion polymerization in terms of
time of inhibition and the effect of inhibitors on the kinetics

of polymerization.
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ABSTRACT

A stainless steel piston/cylinder prototype dilatometer (volume
~100 cm3), designed for use in microgravity, was tested and modified
for obtaining the polymerization kinetics of monodisperse polystyrene
latexes, as well as the latexes themselves. Conversion histories,
accurate to within 2%, were obtained after modifications and proced-
ural changes were implemented. A low speed, oscillatory agitation
(10 rpm, 30O arc per cycle) and redesigned stirrer paddle were recom-
mended for the low shear requirements of the microgravity experiments.

The kinetics of successive seeding in the region between Smith-
Ewart Case 2 (n=1/2) and Case 3 (n>>1) were studied using both aque-
ous and oil phase initiation. A recipe formulation method was devel-
oped by which a constant emulsifier (Aerosol-MA) surface coverage was
maintainea throughout a sequence. Swelling ratios (2/1), final solids
(~30%) and the polymerization temperature (69OC) were maintained
throughout each sequence, all beginning with a 0.19 um polystyrene
seed.

Monodisperse latexes up to 1 um in size were prepared using
KZSZOB (0.5 mM) and a 4% Aerosol-MA surface coverage. The kinetics
were characterized by the autoacceleration of the gel effect with
the overall polymerization rate decreasing with increasing particle
size. The Case 2 to Case 3 kinetic transition was described by a
change in the dependency of the polymerization rate on the particle
diameter from d_3 to dl/z. This was based on results of a simplified

kinetic model in which the collision theory of radical absorption was
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used to obtain reasonable agreement with the experimental results.

Extension of the particle size limit was sought using oil
phase initiators (AIBN, AMBN) in combination with aqueous phase in-
hibitors (hydroquinone, NaNOz, NH4SCN). This was accomplishing using
AMBN (4.0 mM) and hydroquinone (14.5 mM) whereby 2.45 um monodisperse
polystyrene particles were prepared with an emulsifier coverage of
15%. The polymerization kinetics were affected by the nature of the
inhibitor. The gel effect again dominated the behavior; however,
some cases of retardation were noted. The transition from emulsion
(Rpcxd-3) to bulk (gp;‘f(d)) kinetics was found to occur between 0.3
and 1.2 um particle size.

Nine seeded polymerizations of large particle-size latexes were
carried out in microgravity by which 'monodisperse' latexes from 3.4
to 18 um were prepared. Particle size distribution broadening was
found in ground-based coun£erparts due to insufficient mixing. Mass-
ive flocculation was also experienced for the ground samples of par-
ticle size greater than 10 um. The overall polymerization rates were
generally smaller on the ground, again because of thermal gradients
caused by poor mixing.

A submicron 'control' recipe (0.19 um seed) did not survive the
four-day delay prior to launch while in a second experiment unexpected

retardation of the polymerization was found.



CHAPTER 1

INTRODUCTION AND OBJECTIVES

Polymer latexes, which are used industrially in large quanti-
ties, generally have a relatively broad particle size distribution
(PSD). This is not usually of much concern in the manufacture of
such products as latex paints, paper coatings, adhesives, and others,
in that there is no need for a specifically narrow PSD. Monodis-
perse latexes, having very narvow PSD's however, are used in much
smaller quantities and primarily for scientific purposes. These
include the calibration of various measuring instruments such as
electron microscopes, determination of pore sizes, and applications
in medical serological tests. These latexes are also valuable
as model colloids for studies of particle-particle stability, latex
rheology, the adsorption of surfactants, electrophoresis, etc. The
use of monodisperse latexes in seeded emulsion polymerization
greatly simplifies analysis in kinetic studies designed to elucidate
some of the various mechanisms involved in this complex process.

Monodisperse polystyrene and polyvinyltoluene latexes are
marketed in the size range 0.09 - 2.35 um particle diameter. The
smaller sizes are prepared by conventional emulsion polymerization,
while the concept of seeding is applied to produce the larger sizes
[19 - 22]. The upper limit is reached due to the sensitivity of the
preparation to emulsifier concentration and mechanical shear. If
the amount of emulsifier exceeds a certain limit a new crop of par-
ticles is generated producing a bimodal particle size distribution.

Too little emulsifier will fail to maintain the stability of the
3



latex during polymerization resulting in excessive amounts of coag-
ulum. Moreover, with increasing size creaming and settling at low
and high conversions during the polymerization must be offset by in-
creased agitation which often results in the formation of coagulum
due to the increased sensitivity of the latex to mechanical shear.
These effects can be partially alleviated by producing polymers with
densities closer to one, however, this approach can only resolve the
difficulties caused by settling of the particles in the latter stages
of polymerization.

The gravitational effect of creaming and settling could be
eliminated by carrying out the polymerization in a microgravity en-
vironment. In this case, the emulsifier concentration could be kept
at a low enough level to ensure against new particle generation while
maintaining the stability of the latex; Agitation would only be
necessary to prevent significant temperature gradients within the
polymerizing latex. A technical proposal was submitted to,
accepted and funded by the National Aeronautic and Space Administra-
tion (NASA) by which the preparation of large-particle-size monodis-
perse latexes was proposed via the successive seeding method in the
mid-deck of the Orbiters 'Columbia' and 'Challenger'. The objectives
not only included the latex preparation but also the determination
of the kinetics and mechanism of the polymerization as a function of
various recipe parameters. This information is valuable from both
scientific and practical considerations. The effect of microgravity
on such a heterogeneous chemical reaction can be observed and factors

involved in reactor scale-up can be evaluated. The success of these
4



microgravity experiments ultimately depends on the pre-flight prepar-
ation and understanding gained of the polymerization process.

The principle objective of this research program is to deter-
mine the kinetics of sequentially seeded emulsion polymerization of
monodisperse polystyrene latexes in what has been described as the
transitionlregion between emulsion and bulk kinetics. Secondary ob-
jectives include: 1) the development, testing, and use of a prototype
dilatometer, designed for use in microgravity, to obtain these polym-
erization kinetics; 2) to develop a model capable of simulating the
kinetics of successive seeding; and 3} to cooperate in an effort to
prepare large-particle size monodisperse latexes in microgravity.

The method of seeding in emulsion polymerization has often
been cited as a means of studying the kinetics and mechanism of
tﬁis somewhat complex process. Successive seeding from small
to large particle size has not previously been taken much advantage
of, particularly in studies in which E, the average number of radicals
per particle, exceeds 1/2 (known as Smith-Ewart Case 2) but is not so
large as to cause the polymerization kinetics to be independent of par-
ticle size and number (known as Case 3). This kinetic region is des-
cribed in Chapter 3 and is characterized by a number of sequences per-
formed using both aqueous and oil phase initiation. A recipe formula-
tion method is also described which was designed to maintain certain
variables constant with successive seeding to large-particle-size
latexes.

Before presenting the actual kinetic findings, the means of ob-

taining the data by use of a prototype dilatometer (LUMLR) are des-
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cribed in Chapter 2. Characterization and modification of the reactor
are discussed in view of the requirements set by the preparation of
large-particle-size latexes. Agitation and relative mixing efficien-
cies are evaluated. The problems and solutions involved in obtaining
and interpreting kinetic data are discussed.

A simplified model is constructed in Chapter 4 to simulate the
data obtained in the successive seeding studies. Current methods are
incorporated to account for the changing rate 'constants' caused by
the diffusion limitations of the gel effect. Differences between
aqueous and oil phase initiation are discussed.

The preparation of large-particle-size monodisperse latexes
in microgravity is the subject of Chapter 5. Four sets of experi-
ments aboard the orbiters 'Columbia' and 'Challenger' are described
in a chronological fashion. Attention is given to pre-flight prepar-
ation and especially, post-flight analysis of the particles and the
kinetic data obtained. Differences between the flight and ground-
based control experiments are emphasized.

Finally, a summary of the findings and conclusions of the work
are given in Chapter 6, together with some suggestions for continued

research in areas requiring further clarification and substantiation.



CHAPTER 2

A DILATOMETER AND REACTOR - DESIGN AND DEVELOPMENT

2.1 Introduction

Much can be learned about the kinetics and mechanism of vinyl
polymerization through the measurement of polymerization rates and
resulting polymer molecular weights. The conversion of monomer to
polymer as a function of time can be measured in a number of ways
[1]. These include direct weighing, various chemicél methods, dila-
tometry, refractometry, viscometry, gas chromatography, and others.
Each of these has its own advantages, disadvantages, and limitations
depending on the application. In emulsion polymerization, the direct
weighing method is the most common, being simple and requiring no com-
plex or specialized equipment. Dilatometry, which takes advantage of
density differences between monomers and polymers, is also commonly
used, most often in the form of a glass reaction vessel coupled to a
capillary tube. This type of apparatus, which is relatively fragile,
is operated by placing it in a constant temperature bath and measuring
the capillary height at regular time intervals during the reaction.
More sophisticated recording dilatometers have also been described
in the literature [2,3,4,5,6]. Most of these apparatuses incorporate
a device for automatically following and recording the height of a
fluid in the capillary tube of a dilatometer. This type of dilatometer
cannot fulfill the more strict requirements of what is termed 'space-

flight hardware'.



In order to develop a dilatometer which could be used to monitor
the polymerization of large-particle-size latexes in microgravity the
scientific and engineering requirements for the reactor were first de-
fined. These requirements were set by the needs»and limitations of
three interacting parties, Lehigh University (Principal Investigators),
General Electric (Hardware Contractor), and NASA. The science require-
ments were set by the original objectives of the program. A dila-
tometer was needed which could accurately and reproducibly produce kin-
etic data and large-particle-size monodisperse latex. The polymeriza-
tion would be conducted at 70°C with 'gentle agitation' to a 'high'
conversion. To achieve these goals the reactor requirements had to
be determined. These included specifications for the reaction tempera-
ture and its measurement, reactor volume and volume change and their
measurement, agitator design and mode and speed of agitation. The
source of heat and the desired heat-up schedule had to be defined.

The materials which would contact the reaction fluid would also have
to be specified along with power requirements, process timing, vessel
configuration, data acquisition, and many others involved in space
flight.

2.2 Proposed Possibilities

Three vessel configurations were initially considered as possi-
bilities for this unusual dilatometer: a bellows, a piston/cylinder,
and a diaphragm.

2.2.1 Bellows
The bellows-type dilatometer was considered first. Since a bel-

lows by design is able to expand and contract it appeared to fit the
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requirements of a dilatometer which can accommodate the expansion of
a latex as the temperature is increased to the polymerization temper-
ature and the contraction due to the conversion of monomer to polymer
with subsequent cooling to room temperature. A crude bellows-type re-
actor was assembled as depicted in Figure 2.1. It consisted of a
stainless steel bellows sealed at each end by rubber gaskefs mounted
on aluminum endplates and maintained in compression by springs held
by 4 bolts. Two fill ports were drilled in the top ena plate for
filling and draining the vessel. A magnetic stirrer was used for
agitation. Several seeded emulsion polymerizations were satisfactor-
ily carried out by placing the vessel in a constant temperature bath
(70°C). No attempt was made to collect any kinetic data. Experimen-
tal details of this experiment are not given here. For use in micro-
grévity it was judged impractical to provide hea£ éxternally due to
the shape of the vessel. Subsequently tests were conducted to check
the feasibility of using an immersion heater placed inside the vessel.
It was found that the rate of heating had to be adjusted to what was
considered to be an undesirably low level due to the buildup of coagu-
lum on the surface of the heater sheath. The relatively small area
for heat transfer from the immersion heater was a definite drawback

of this design. Also of major concern was the fact that the bellows
fins contained a large amount of fluid volume which would be difficult
to mix with the fluid in the open volume of the vessel, especially at
the low shear agitation conditions envisioned for these experiments.
Interest was then shifted to the more promising piston/cylinder con-

figuration.
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2.2.2 Piston/Cylinder

It was believed that the inherent drawbacks in the bellows-type
design, i.e. dead volume and immersion heating, could be remedied by
using the piston/cylinder type configuration. Heating could be pro-
vided externally by a resistance wire over a much larger surface area
thus avoiding the problems of immersion heating. The piston/cylinder
type dilatometer; however, would have other possible disadvantages.
Leak~-free and dependable piston movement would have to be provided
by o-ring seals, required to be inert to the chemicals in the system.

In order to test the piston/cylinder concept, GE designed and
manufactured a crude version of this reactor, as illustrated in Fig-
ure 2.2. The three major components were the piston, the cylinder,
and the end cap which could»be removed. A Buna o-ring was supplied
with the piston. To test this design, heating and temperature con-
trol, agitation, and a means of measuring the piston displacement had
to be improvised. A bread-board temperature controller was provided
by GE, which made use of thermocouples to measure and control the temp-
erature of the reaction fluid through the 'on-off' condition of a
heating tape wrapped around the lower half of the cylinder (i.e. the
half containing the reaction fluid). Agitation was accomplished using
a magnetic stirring bar modified with a Teflon propellor together with
a relatively slow magnetic drive mechanism. The piston displacement
was monitored using a dial indicator. As in the case of the bellows
vessel, testing was accomplished via seeded emulsion polymerizations.
No experimental details will be given here of the chemistry of the

experiment, except to say that the details of the recipe and its prep-
11
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aration had been worked out previously in this laboratory.

The initial tests of the reactor proved to be most enlightening.
The design specifications for the reactor called for a 100 cc reaction
f£luid volume. In order to fill the reactor to this volume, the re-
quired piston position was calculated and pre-set using a Vernier cal-
iper. The test fluid (water or latex) was poured in through the open
end of the cylinder and the cap was secured. In this manner it was
impossible not to include a significant amount of air in the reactor.
The reactor was then inverted, and the rest of the apparatus was as-
sembled. The heating rate was adjusted through a variac connected to
the heating tape with a temperature set-point at ~7OOC. At a setting
of 60 volts, 70°C was reached in approximately 20 minutes. With water
as the working fluid, piston movement indicating expansion was ob-
served as expected. A seeded emulsion polymerization was next at-
tempted to check whether reasonable kinetic data could be obtained.
After reaching temperature, the movement of the piston ceased as if
no polymerization was taking place. From this it was obvious that the
presence of air space in the reactor coupled with the resistance of
the piston to movement prevented an change in the piston position. A
second polymerization was attempted in which a 2.27 kg (5 1b.) lead
weight was balanced on top of the piston in order to effect its down-
ward travel. The cylinder end cap was also modified with a port to
allow expulsion of the air left in the reactor when sealed. This was
accomplished by tilting the reactor at ~45° with the port at the top,
carefully moving the piston until some latex was expelled, and then
sealing. With these 'innovations' the first kinetic data were recorded

13



using this 'crude' dilatometer. This set of data is presented in Fig-
ure 2.3 along with a second set obtained using a greater amount of
monomer in the recipe. Qualitatively these curves represented what
was expected for these polymerizations. Thé piston/cylinder design
concept with some modification thus appeared to be a good choice for
further development work.

2.3 Prototype Design

The piston/cylinder design became favored over the bellows be-
cause the reactor was inherently more rugged, had less dead space and
no need for an immersion heater. Initial tests in a crude version of
the piston/cylinder encouraged its adoption as the flight design.
Subsequently a prototype was designed and constructed at the General
Electric Space Sciences Labs (Valley Force, PA). A description of
this vessel follows.

A cut-away drawing of the MLR (Monodisperse Latex Reactor)
prototype (later designated LUMLR) is shown in Figqure 2.4, along with
a photograph in Figure 2.5. The mechanical aspects of the MLR appar-
atus were designed to provide temperature control, fluid containment,
and data measurement. The apparatus consists of a stainless steel
(SS 303) cylinder with a 4.1 cm ID in which rides a SS piston, sealed
by two Viton o-rings. Piston movement is measured by a Linear Voltage
Differential Transformer (LVDT) attached to an arm connected to a
bolt mounted in the piston and fixed relative to the cylinder, i.e.
mounted on the Textolite housing cover. The downward movement of the

. . . , . . 5
piston is assisted by a spring exerting approximately 1.01 x 10~ Pa

14
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cmitINAL PAGE 1S
OF POOR QUALITY

Figure 2.5 Photograph of the LUMLR Dilatometer, from Left to Right,
the Cylinder Assembly, Housing, and Piston Assembly with
a Plexiglas Replica of the Cylinder in Place on the Base
Assembly
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(1 atm.) pressure. This was a dirgct result of the experimental suc-
cess using the lead weight in the tests of the crude piston/cylinder.
The cylinder is bolted to a SS base plate, sealed by a Viton o-ring.
A SS shaft for mounting a stirrer paddle is inserted through the bottom
of the base plate and is held in place by two bearings separated by a
spacer. The stirrer paddle will be described in detail in Section 2.4.2.
A 24 volt D.C. motor is coupled to the shaft by means of a roll pin
which fits into a groove at the bottom of the shaft. The motor is
attached to an aluminum adapter plate which in turn is attached to
the base plate. The base rlate is attached to an aluminum quarter
plate with a Textolite insulator plate in between. Protruding from
the center of the piston is a SS temperature sensor well for monitoring
the fluid temperature. Multi-pellet diodes (KE 1IN4157) are used for
all temperature measurements. Two apertures are provided into the
cylinder. The bottom one, located on the base plate, serves at the
inlet port for loading the reactor. A Swagelok Quick Connect serves
as the inlet seal. The upper port is used as an outlet port for
the loading operation. This serves the Same purpose as the vent
port on the original crude version of the reactor. It enables the
reactor to be loaded with a minimal amount of air inclusion.

The lower half of the cylinder is wrapped with a layer of com-
mercial grade aluminum foil (0.5 mil) and a layer of thermosetting
tape (No. 69, 3M Co.). Over the tape is wound a nichrome heater
wire (No. 24) with a 0.12 pitch. Another layer of tape is wrapped

over the heater wire and over this a layer of aluminum foil. A 3
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pellet diode (the wall temperature sensor) is mounted in a groove
machined into the cylinder below the first layer of aluminum foil.
Fiberglass insulation (Owens-Corning) is wrapped around the cylinder
and contained by a fiberglass housing.

The electrical wiring, carrying power to the heater wire and
stirrer motor and signals from the fluid and wall temperature diodes
and the LVDT, runs to a connector mounted on the MLR platform. From
this connector wiring runs to the MLE 'Controller'. A photo of the
front of the controller is shown in Figure 2.6. This controller pro-=
vides AC to DC conversion of power for the unit, plus it processes the
signals from the diodes and LVDT. Temperature (OC) and LVDT voltage
along with heater and stirrer voltage can be monitored on a digital
panel meter by use of a multiposition switch. The mode and speed (rpm)
of the stirrer can be adjusted using a multiposition switch and a
multiturn potentiometer, respectively. Recorder output connectors are
provided in the rear of the unit.

2.4 Prototype Testing and Development

Accurate interpretation of dilatometric data can be achieved
only after sufficient knowledge and understanding of a reactor's be-
havior is gained. This knowledge includes the calibration of the var-
ious sensors, studies of the agitation system, and most importantly
the expansion (and contraction) behaviors of the reactor and its con-
tents. The final test of this knowledge is accomplished by obtaining
accurate kinetic data along with the desired product (in this case,

monodisperse latex).
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Initial testing of the MLR prototype took place at GE. The first
seeded emulsion polymerization conducted in the prototype resulted in
a polydisperse product latex. This result was attributed to the pres-
ence of relatively large temperaﬁure gradients present in the reaction
fluid during the experiment which caused particles to polymerize at
different rates depending on their location (temperature) in the reac-
tor. It was speculated that these gradients were due to inadequate
mixing by the stirrer paddle (Section 2.4.2) rotating at a constant
12 rpm plus a relatively large heat sink provided by the base piate
(i.e. the temperature increased from the bottom to the top of the fluid
in the reactor). A second polymerization with an identical recipe was
run after much of the excess metal was machined from the base plate
and the stirrer motion was changed to a stop/start type of motion (4
rpm) to produce better mixing. The product latex showed a much nar-
rower particle size distribution but the stirrer was noted to have
stopped some time late in the polymerization. An oscillatory or "wash-
ing machine" type motion was introduced in a third polymerization to
induce better mixing at a relatively low rpm and reduce the risk of
the stirrer shaft freezing during the polymerization. Kinetic data
was obtained in subsequent testing at GE and initial attempts at inter-
pretation of these data were made. The problems confronted in this
will be described further on. Testing of the prototype at GE came to
an end with the design and construction of what was termed the 'Engin-
eering Unit', the model for the Space Flight Reactors. The prototype
subsequently came to Lehigh University for more detailed testing and

use in seeded emulsion polymerizations. It was henceforth designated
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the LUMLR to distinguish it from the MLR flight hardware.

2.4.1 Sensor Calibration

In order to calibrate the temperature sensors they were first
removed from the apparatus. The fluid temperature sensor was simply
removed from the well, not being fixed in place, while the wall temp-
erature sensor was removed only after carefully removing tape, foil,
and heating wire from the cvlinder in which it was embedded. These
Sensors were then calibrated at various temperatures in a Haake con-
stant temperature bath versus a thermometer and a copper-constantin
thermocouple. Two readings were recorded for each sensor at a given
temperature, the first bging the LED panel meter readout from the Con-
troller, which already contained a built in conversion factor for a
readout in °c. The second reading was measured via a Keithley DMM by
which the voltage signal, proportional to the temperature, was recorded.
(The redundance of the latter data proved quite valuable later when
the LED panel meter failed.) Each set of data obtained from the panel
meter and the DMM are given in Figures 2.7 and 2.8, respectively. The
slopes and intercepts obtained via least squares analysis are given in
each fiqure. The calibrations were linear in the 20 - 70°C range, 1i.e.
that range over which experiments would be conducted.

The LVDT (Linear Voltage Differential Transformer, type 250 HCD,
Schaevetz Engineering) was calibrated in place on the LUMLR unit by
recording a voltage from the sensor via the panel meter versus the
reading from a dial indicator (Model C81s, Federal Products Corp.)
placed atop the piston-LVDT connecting arm. These data were recorded

at various piston positions to obtain a calibration curve. The results
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are given in Figure 2.9. The slope was -14.7868 volts/cm over the
1.8 to 3.8 volt range (correlation coefficient = -0.99998). This was
later verified over the -2.0 to +2.0 volt range. A 1.0 cm3 volume
change would, therefore, register as a 0.0756 cm piston displacement
or a 1.118 volt change in the LVDT reading.

2.4.2 Agitation Behavior - Stirrer Paddle Design and Testing

The agitation requirements for the MLR were defined by the limit-
ations imposed by the preparation of large-particle-size monodisperse
latexes. As stated in the Introduction, seeded emulsion polymerizations
for producing monodisperse latexes above 2 um diameter must have care-
fully controlled amounts of emulsifier and degrees of agitation. Shear
induced flocculation or severe temperature gradients can both result
in the production of polydisperse latexes. Therefore, an optimum agi-
tation rate must be found which can ensure that: 1) particle-particle
coalescence does not take place due to creaming prior to (or during)
polymerization, 2) particle coagulation does not occur due to high
shear rates in the neighborhood of the aéitator blade, and 3) particles
do not 'grow' or polymerize at different rates due to experiencing
different temperature environments in the reactor. The agitation sys-
tem in the MLR was required to satisfy all of these requirements for
each latex system to be polymerized. The ultimate test of the agitator
would be in actual polymerization of flight-type recipes and examining
the resulting particle size distributions. This would not only involve
a great deal of long and laborious work but was impossible early on
when no recipes were available for testing. Other tests in the form of

measurements of temperature gradients, sedimentation rates, and mixing
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rates were used in the interim to arrive at a satisfactory agitation

system.

2.4.2.1 cCalibration

The stirrer on the LUMLR has the capability of operating in one
of two modes, either continuous rotation (clockwise or counter-
clockwise) or oscillatory motion ("washing machine"). The STIR SPEED
control on the MLR Controller Panel provides a continuoud variation of
stirrer rpm in settings from O to 10. These settings were calibrated
versus rpm as shown in Figure 2.10. A minimum speed of 5 rpm is at-
tained at a setting of 3, below which the stirrer shaft does not move
due to resistance from the o-ring seal. The maximum rate is about 26
rpm. Note that the rpm decreases slightly when the heater is turned
on due to the limited available power in the system. Figure 2.10
also relates stir speed to stirrer blade tip speed (3.2 cm wide stirrer
paddel) and Reynclds number. The oscillatory motion was characterized
in terms of the arc traced before reversal of stirrer direction. The
arc (degrees) as a function of stir setting is shown in Figure 2.11.
The counter-clockwise (viewed from the top) arc was designed to be
slightly greater than the clockwise arc so that the net movement of
the stirrer paddle was in the counter-clockwise direction. The fre-
quency of reversal was not an adjustable parameter in these tests, be-
ing fixed at about 27 cycles/min. A slight reduction in the arc

traced was also noted when power was applied to the heater wire.

2.4.2.2 Initial Paddle Designs and Testing

The efficiency of agitation in the LUMRL was not only a function
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of the mode and speed of stirring but more importantly the size and<
configuration of the impeller. Originally the impeller was desgined
as a flat 2-bladed stainless steel paddle perforated with small holes.
The length and width were of the same order as the dimensions of the
reactor volume itself. It resembled somewhat a leaf impeller paddle
with rows of holes drilled in it [8]. Further modification resulted
in the paddle shown in Figure 2.12a. Note that the paddle was oriented
at a slight angle from the horizontal to facilitate some axial movement
of the fluid. This design was conceived with the idea that gentle but
adequate mixing could be achieved if the entire volume of the reactor
could be swept by the impeller blade at a low rem (<25 rpm). This
paddle was used during the testing of the prototype at GE. A second
paddle was designed and fabricated at GE [9]1 for testing in the MLR
Engineering Unit and was tentatively adopted as the stirrer paddle
for the MLR Flight Units. This paddle was modified for mounting on
the LUMLR stirrer shaft (Figure 2.12b). It was narrower and shorter
than the original paddle and instead of holes, directional fins (as in
a pitched blade impellor) were incorporated.

A number of tests were devised and conducted in the LUMLR in
order to determine the relative mixing efficiency of the MLR paddle
at various stir speeds in the 0SC (oscillatory) stir mode. The wall
to center temperature gradient was monitored by taping the fluid sensor
pProbe to the inner wall of the reactor, half way into the fluid (H2O)
and recording its temperature versus a thermocouple located opposite
to it in the center of the reactor. The piston was not positioned in

the cylinder to allow access for the wiring. Data were recorded with
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time as the fluid was heated up from room temperature. Wall-to-center
temperature gradients are plotted in Figure 2.13 at three OSC Stir
Speeds (0, 4 and 8) corresponding to 0 rpm - 0° arc, 7.7 rpm - 49.1°
arc, and 19.2 rpm - 108.9° arc, respectively. In 18 min. this temper-
ature differential dropped to 2°¢ or less for all three agitation con-
ditions. These results pointed to a need to obtain more information on
mixing and temperature gradients in more remote areas of the reactor,
further removed from the stirrer paddle. A more precise experiment was
conducted in which five thermocouples, connected to strip chart record-
ers, were placed at various locations in the LUMLR. This time the pis-
ton was positioned in the cylinder which was again filled with water.
The thermocouple wires exited the reactor through the o—ring seal be-
tween the cylinder and base plate. The thermocouple voltages, along
with the fluid temperature sensor reading, were monitored once again
during the heat-up cycle of the fluid. The results of the two extreme
cases, i.e. no agitation and agitation at OSC Stir Speed 8.0, are given
in Figure 2.14. Fluid temperatures were monitored at the probe (p),
top edge (te), center (c),.bottom center (bc), and bottom edge (be) of
the reactor. The fluid temperature, as monitored through the MLR Con-
troller, was also recorded. Once again temperature gradients were
evident but the most severe were found at the bottom of the reactor.
The mixing in this region of the reactor was able to counteract natural
convection and heat loss to the base place to a certain degree but
still left 4- 5°¢ temperature differences between the center and bottom
of the reactor. The question remained whether or not a monodisperse

latex could be polymerized without significantly broadening the particle
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size distribution. Three seeded polymerizations with identical re-
cipes were run at OSC Stir Speeds of 0, 5, and 8 to investigate the
effect of agitation not only on the resulting PSD's (Particle Size
Distributions) of the latex but also on the interpretation of the
kinetic data. Three hours were required to reach high conversion
(>95%) for each experiment. TEM (Transmission Electron Microscope)
examination of the resulting particles did not reveal any gross 4if-
ferences between those polymerized with no stirring and those with
stirring. However, a PSD analysis revealed a difference in the
breadth of the distribution as indicated by the standard deviation

on the number average diameter. In the case where agitation was pro-
vided at OSC Stir Speed 0.8 the measured standard deviation was 1.9%
while with no agitation'the particles produced had a 3.0% standard de-
viation. (Note: The standard deviation of a single particle when mea-
sured 100 times is approximately 1.0%.) The particle size for all
samples was about 0.45 um. This difference, though small, was signif-
icant and reflected the difference in the conditions of the polymeriza-
tion. Mixing caused by thermal convection was conéidered to be the
reason for not seeing a larger difference. The polymerization ran at
OSC stir Speed 5 resulted in a latex similar to that produced at the
higher stirring rate. These results proved only that some agitation
was needed to maintain a 'monodisperse' PSD with a single recipé which
used submicron particles which did not cream or settle to any signifi-
cant extent within‘the time frame of the experiment. The question
again remained whether or not seed particles greater than 2 um in size

swollen with monomer could be maintained in a dispersed and stable
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condition on the ground and then polymerized in a microgravity envir-
onment (in the absence of natural convection) without destroying the
monodispersity. An attempt was made to address the first of these con-
ditions by performing sedimentation experiments.

The sedimentation of large size latex particles was studied as a
function of the degree of agitation (MLR paddle), in an effort to ap-
proximate the creaming rates of swollen particles. A poly(styrene-co-
divinylbenzene) latex, having a particle size range of 4- 7 um, was
calculated to sediment at rates roughly equivalent to the creaming
rate of 2 um polystyrene partibles swollen with 2.3 to 16 x their wvol-
ume in styrene monomer. These represented swollen diameters of 3.0 to
5.2 um which approximated the sizes and swelling ratios intended for
the first microgravity experiments. These numbers were calculated
based on assumptions of unhindered sedimentation in water, additive
densities of monomer and polymer, and the density of the poly(styrene-

co-divinylbenzene) being that of polystyrene. A plexiglas replica of
the LUMLR was constructed to replace the original cylinder for reasons
of visibility and ease of modification, with the addition of sampling
ports. A photograph is given in Figure 2.15 of the assembled LUMLR
with the replica in place. Mixing efficiency was judged by the relative
amount of latex particles found in the bottom of the reactor after agi-
tating an originally well mixed system for a given time interval. Sam-
ples (0.5 cc) were removed via a syringe and the solids contents were
determined gravimetrically. The results for various OSC Stir Speeds
are presented in Figure 2.16. No change in the solids concentration

was found for a setting of 7 or higher while settings of 4 and 5 both
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Figure 2.15 LUMLR Prototype with Plexiglas Replica of the Cylinder
in Place. Sedimenting Latex is Contained in the Vessel
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showed increases in the amount of sedimentation with time over a 4 hr.
period. This indicated that with the given agitation system an OSC
Stir Speed greater than 6 (14 rpm, 79° arc) was needed to maintain a
uniform concentration of 4 - 7 um poly (styrene-co-divinylbenzene} par-
ticles or the equivalent swollen particles. The PSD of the sedimented
particles was not determined but invariably contained a large fraction
of the 7 um type particles. This would have the effect of weighting
the results towards the extreme of a 16/1 swelling ratio. With this in
mind, the OSC Stir Speed 6 was defined as the lower limit for agitation
of swollen flight latexes.

2.4.2.3 pPaddle Redesign and Pulse Testing

During the experiments outlined above, it was found that even
under the most rigorous agitation conditions a small sediment layer
was found along the bottom edge of the reactor where the cylinder meets -
the base plate. This did not affect the interpretation of the results
but did once again point out, as in the temperature gradient studies,
that "dead" or unstirred areas existed in remote regions of the reactor.
This was a continuing concern throughout the development of the reactors
and led to the decision to design and test alternate stirrer paddles
before a final commitment was made. The goal of this redesign was not
only to reduce the amount of 'poorly mixed' volume but also to increase
the agitation efficiency at lower OSC Stir Speeds.

The approach chosen for redesign was to enlarge the paddle so that
it would sweep the largest volume possible (within 1 mm of all surfaces)
and to incorporate a greater number of directional fins (to increase

axial mixing). Figure 2.l7a is a drawing of such a paddle. Six H-shaped
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Figure 2.17 (a) Initial Proposed Redesign of Stirrer Paddle
(b) Photograph of Actual Teflon Test Paddle (Teflon
Blade #3)
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cuts were incorporated to produce additional fins. BAll test paddles
were made from 0.8 mm thick Teflon sheet.

It was evident that the measurement of relative agitation effi-
ciencies by temperature gradients or sedimentation rates would be im-
practical with the close clearances and the many tests required and,
therefore, an alternate approach was adopted. A modified tracer method
was developed by which the response to the injection of a tracer was
monitored until it approached a constant value. The procedure involved
the continuous sampling of fluid (water) from the reactor bottom (fill
port) after a tracer pulse (styrene dissolved in water) was injected at
the top edge, the relative concentration being continuously recorded
via a UV Absorbance Monitor (Model 1840, Instrumentation Specialties
Co.) at 245 nm. The flow rate was maintained constant by a syringe
pump at 0.733 cm3/min. A 0,72 cm3 loop was employed for tracer injec-
tion. The output was normalized@ for comparison of different agitation
conditions.

The MLR paddle was the first tested by the tracer or pulse method.
The results are given in Figure 2.18 (bottom). As a reference, the
0OSC Stir Speed conversions to rpm and arc are given in Table 2-1. The

Table 2-1

OSC Stir Speed Conversions

Stir Speed rpm ArcO
3 5.2 34.2
4 8.2 49.1
5 11.3 64.1
6 14.3 79.0
8 20.3 108.9
10 26.4 138.8
41
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large vertical arrow on the right side of Figures 2..18 to 2..22 repre-
sents the top to bottom (piston to base plate) distance in the reactor.
To the right of the arrow, the "side view" represents the paddle con-
figuration and orientation relative to the top and bottom of the reac-
tor as seen on edge. The improvement in agitation efficiency with OSC
Stir Speed for the MLR blade was considerable going from 4 to 6 and
continued improvement was noted going to the highest stir speed avail-
able, 10. In the top portion of Figure 2.18 are the results obtained
from pulse tests using the original paddle shown in Figure 2.12a.
This paddle was more efficient in comparison to the MLR paddle at the
lower OSC Stir Speeds 4 - 6 while a close comparison showed it to be
slightly worse at the higher settings of 8 and 10. The dashed line in
the top figure represents the tracer concentration/time profile when
the reactor was by-passed. This gave some idea of how fast the respon-
ses were in the pulse tests. Three variations of a Teflon paddle
(Figure 2.17b) were tested in which the configuration of the direction-
al fins was varied. The results, shown in Figure 219, indicated that
the orientation of the directional fins was critical to obtaining good
mixing at low OSC Stir Speeds. The stirrer paddle represented in Fig-
ure 2.19 (bottom) was the best in terms of mixing efficiency, showing
little sensitivity to changes in the stir setting over the tested range.
From this it was obvious that a great improvement in agitation effic-
iency would be gained by substituting the stainless steel equivalent
of Teflon blade #3 for the MLR paddle in the MLR Flight Units.

The increased difficulty involved in the fabrication of stainless

steel paddles which required internal H-shaped cuts stimulated the
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design and testing of modified forms of the MLR paddle. These alter-
ations involved simply increased dimensions and varied fin configura-
tions. Modified MLR Blade #1 was merely a "blow-up" of the dimensions
of the MLR Blade but resulted in much improved agitation efficiencies
as given in Figure 2.20 (top). The reduction in "dead" volumes was
directly responsible for this improved efficiency. As in the case of
Teflon Blade #3, a reversal in the fin orientation on one side of the
paddle greatly increased the agitation efficiency as given in Figure
2.20 (bottom). In comparison, the modified MLR Blade #2 resulted in
quicker responses in the pulse tests than Teflon Blade #3, indicating
improved agitation efficiencies. As seen in Figure 2.20 (bottom),
lower OSC Stir Speeds were tested in order to define the lower limits
of the efficiency of this stirring paddle. Below a setting of 4, the
mixing was shown to become very sensitive to the stir speed. With
these results, a modified MLR Blade design was tested which allowed a
0.51 cm (0.2 in) space between the paddle and the piston when set at
the 100 cm3 1é§el, as called for in the MLR blueprints. The results,
given in Figure 2.21 (bottom), are quite similar to those in Figure 2.20
(bottom) except that increasing sensitivity to the stir setting began
at slightly higher stir rates, being somewhere between 4 and 5. This
design gave the best agitation characteristics within the allowed de-
sign and time limitations. Subsequently, this design (Figure 2-21,
top), modified for mounting in the MLR units, was submitted to and ac-
cepted by NASA (MSFC) for the Space Flight experiments.

Even though the stirrer paddle design was finalized, questions

still remained as to the arc and speed desired for the Flight experi-
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ments. 1In the LUMLR the arc was fixed by the rotational speed chosen.
However, the MLR units had a greater flexibility in separating these
two variables. It was initially conjectured that a rotational speed
of 10- 12 rpm with an arc of 90 - 120° would be sufficient for provid-
ing for the needs of the experiment. The former values were chosen as
a result of these experiments while the arcs were merely based on spec-
ulation. Subsequently, further pulse tests were conducted in which
the arc of rotation was studied (no advancing angle). The clockwise-
counter-clockwise switch on the Stir Mode control was used to reverse
direction based on visual sightings of the stirrer raddle position rel-
ative to arc calibration marks made on the plexiglas cylinder. Using
the modified MLR paddle, pulse tests were run at various Stir Speeds,
two of which are presented in Figure 2.22. At the center of each fig-
ure is a top view schematic indicating the tracer injection location
relative to the oscillating stirrer paddle. From these it was obvious
that the earlier speculation was in error in that the agitation effi-
ciency increased with decreasing arc of rotation from 150° to 30°.
The sensitivity to the magnitude of the arc decreased with increasing
Stir Speed. These results seemed to indicate that the fluid in the
region of the stirrer paddle quickly approached the speed of the paddle
and thus the motion of the paddle was ineffective through much of its
travel. The reversal of direction caused the turbulence required for
mixing and therefore, the sooner the reversal (smaller the arc) the
more efficient the mixing at least up to a 30° arc.

It was apparent from these studies that adequate mixing could

be achieved with as low a Stir Speed as 10 rpm and an arc of rotation
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of 30° with the improved stirrer paddle design. This applied specif-
ically to the mixing of a molecular species which does not sediment
or cream due to any density differences. This must be kept in mind
when choosing agitation conditions for large-particle~size latexes
swollen with monomer, as proposed for the microgravity experiments.

2.4.3 Volume, Volume Change, and Conversion

The interpretation of kinetic data obtained by dilatometry is
often accomplished by measuring the final conversion by an independent
means, assuming isothermal polymerization conditions, and adjusting
the data end point to match the measured conversion. This method
would not be applicable to data obtained from microgravity experiments
since during the last hour of polymerization the temperature would be
raised to 90°C and also several days would pass before recovery of the
latexes. Therefore, data obtained from the reactors should be used to
obtain the conversion histories directly. The LUMLR prototype was
used to define the difficulties and limitations in obtaining accurate
kinetic data from this type dilatometer.

2.4.3.1 vVolume Calibration

The LUMLR volume was initially calibrated at GE by loading the
vessel with water and weighing it, recording this value versus the
LVDT voltage reading. This was done several times, obtaining a cali-
bration curve and thereby a means of setting the volume at 100 cm3.
There ware several flaws in this method, however. A means had not
been worked out by which the reactor could be filled without retaining

an undefined and non-reproducible amount of air and therefore, the

LVID reading would be off by an unknown amount. The amount of fluid
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remaining in non-productive regions was included in this (i.e. in

£ill and exit ports). The LVDT's location and mounting made it ex-
tremely sensitive to the handling and disturbances which were routine
in the assembly and disassembly of the apparatus. Also, it was neces-
sary to be able to adjust and readjust its position to obtain a desir-
able voltage range for the piston travel. For these reasons it was
necessary to recalibrate the volume and determine a more reliable
means of reproducing the 100 cm3 volume.

The volume of the LUMLR was calibrated by determining the pis-
ton position relative to the base plate which gave 100 cm3 of reactor
volume. This 100 cm3 volume excluded volume contributions from fluid
trapped in the o-ring spaces on the piston and below the stirrer shaft
cover plate (see Figure 2.5) and in the fill line. It also tock into
account the volumes of the fluid temperature well, the stirrer shaft
and paddles, and the depression of the stirrer shaft cover plate.

These contributions were included in the final volume calculations
fepresented in Table 2-2. The 102.12 cm3 was converted to piston

Table 2-2

Prototype Reactor Volume Computations

3
Volume, cm

Fluid temperature welll + 0.33
Stirrer shaft 1 + 1.11
Stirrer paddle (original)2 + 0.81
Cover plate depressionl - 0.13
Total volume added to 100 cm3 + 2.12 = 102.13 cm3

1 . . .
Determined from measured dimensions

2Determined by weight and density
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position by simply dividing by the cross-sectional area of the cylin-
der as determined from the blueprint specification of the cylinder
I.D., 4.205 cm. The piston was set at 7.73 cm above the base plate
and a permanent marker was scored on the support bolt and nut, thereby
creating a reliable method to reproduce the position without relying
on an LVDT reading.

2.4.3.2 Volume Change Measurements and Corrections

A polymerization was conducted in the LUMLR by loading the reac-
tor with 100 cm3 of swollen latex and switching on the heater. The
fluid and cylinder temperatures and the LVDT voltages were recorded
at regular time intervals until the polymerization was terminated.

A detailed description of this procedure can be found in the follow-
ing section. An example of these data is given in Figure 2.23. Dur-
ing the initial témperature rise, the LVDT voltage decreases, indicat-
ing a rise of the piston or an increase in volume followed by an iso-
thermal polymerization in which the LVDT voltage increases correspond-
ing to a decrease in the volume due to polymerization. The objective
was then to translate the LVDT voltage data into conversion-time in-
formation. In order to accomplish this, the reactor and fluid behav-
ior must be known as a function of temperature. Initial attempts at
interpretation of such data often resulted in conversion-time curves
such as that given in Figure 2.24, in which the initial portion of

the curve did not rise smoothly from zero conversion but instead
showed positive and negative deviations from what was expected.

The successful interpretation of kinetic information obtained
from the LUMLR requires a knowledge of many factors: 1) the volume of
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the fluid in the reactor at a given temperature, 2) the average tem-
perature of the fluid at any time, 3) the behavior of the reactor it-
self (e.g. expansion of metal components and their influence on volume
measurements), 4) the composition of the fluid (water, monomer, poly-
mer), and 5) the density/temperature relationship for the fluid at any
composition of water, monomer, and polymer. Each of these plays a
critical role in the behavior of the system and the interpretation of
polymerization data. It was apparent from early attempts at interpre-
tation of kinetic data (Figure 2.24) that not all of these variables
or relationships were known with certainty and therefore, a more rig-
orous understanding was required.

Over an extended period of time numerous experiments were per-
formed in order to better define the behavior of the LUMLR as a dila-
tometer. Concurrently, polymerizations were run despite the incom-
plete understanding of this behavior. The evolution of these events
will not be described as they took place chronologically but instead
will be broken down into a description of the problems found and the
eventual solutions which were decided.

2.4.3.2.1 Expansion of Water - Difficulties and Solu-

tions

I1f the behavior of the LUMLR system (reactor and contents) was
well understood it would be possible to predict the movement of the
piston during the expansion period in which the temperature is in-
creased to 70°¢c provided there is no polymerization taking place at
the same time. Knowledge of the total contents of the reactor was

necessary to be able to predict this movement. As already described,
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the volume could be set at 100 cm3 but this was not easily accomplished
due to problems encountered in the loading. The design specifications
for the reactor required that it should be filled with a test fluid
with a minimal inclusion of air. This was set at 0.1 cm?. To accomplish
this, a fill procedure was outlined by the designers at GE in which the
test fluid, contained in a 250 cm3 separatory funnel, was introduced
into the reactor at a slow rate (0.3-0.6 m head) through tygon tubing
connected to the fill port. The reactor was tilted approximately 30°
with the exit port positioned at the upper edge, the piston being just
above this position. Once the fluid began flowing from the exit port,
a visual check was made for the exit of air bubbles. When no bubbles
were detected, the piston was lowered to the 100 cm3 level, the fill
port valve closed, and the tubing disconnected. The LVDT reading was
recorded and then the piston was released by loosening the nut holding
it in place, thereby allowing the spring to act on the fluid through
the piston. The drop of the piston, as recorded by a change in the
LVDT reading, was then checked to see if it met the specifications.

If not, the piston was once again raised and the procedure repeated
until the change in the LVDT reading was within the design criteria.
This criteria was established by assuming a pressure of 1 atm. was
exerted by the piston via the spring, thereby compressing any bubble
present to about half its volume. In reality, this proved to be diffi-
cult and non-reproducible. Ten attempts at loading water yielded an
average drop of 0.015 cm (+.003 cm) which was equivalent to a 0.4 cm3
sized bubble, assuming 1 atm. (gage) was exerted by the piston. How-
ever, using a Hg open gage manometer attached to the fill port of the

reactor, it was found that the pressure varied from 0.6 to 0.9 atm.
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depending upon how well the piston o-rings were lubricated and thus

1 atm. would be an upper limit. (Note that there were two Viton o-
rings on the piston, the upper one not contacting the fluid, acting
only as a guide.) In order to determine the effect a bubble had on
the interpretation of expansion data, experiments were performed by
which water was injected into the reactor, previously filled with
water, via a microsyringe and the piston position monitored as a func-
tion of the amount of water introduced. Two sets of results are given
in Figure 2.25 which shows the relationship between the amount of
water injected and the amount recorded by converting LVDT voltages
into volumes measured. The deviations from ideality, i.e., where
injected equals measured, were shown to increase with increasing bub-
ble size (determined by assuming 1 atm. pressure). The compression

of the air bubble took place as the amount injected increased until

a point was reached in which no further compression took place. After
this point the amount injected equaled the amount measured. Fluid

was also removed from the cylinder via the microsyringe and compared
to the measured volume. The results in Figure 2.25 show that the
original relationship obtained by injection was not retraced with re-
moval of water but instead a hysteresis type curve was obtained. Once
again, the extent of this hysteresis increased with increasing bubble
size, as might be expected. These results were intuitively expected
in the case where a bubble's presence was the only problem manifested.
In a few cases, however, results were obtained such as given in Figure
2.26, in which a bubble was known to be present and yet the response

differed in that the deviation from ideality (volume measured minus
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volume injected) was at first negative as expected from the air bubble
but then went positive with increasing amounts of water injected. This
phenomenon was attributed to the roll of the lower piston o-ring in
its groove as it moved upward, displacing water into the main volume
of the reactor and offsetting the LVDT reading. The extent of this
effect depended on the original position of the o-ring at the start of
an experiment (i.e.if it were at the bottom of its groove there was no
effect and if it were at the top the effect would be maximum such as
in Figqure 2.26).

The situation was further complicated through running expansion
experiments by simply heating up the water in the reactor, monitoring
the LVDT voltage and fluid and wall temperatures. In this case, the
prediction of the piston movement was done by computing the volume of
the fluidlas it increased with increasing temperature and again com-
paring it to the LVDT converted volume. An attempt at doing this'is
illustrated in Figure 2.27. First note the curve labelled "No Compen-
sation"”. This represents a first try at matching the two results. It
was obvious that a bubble present in the reactor was at least partially
responsible for the deviation of the results from the ideal. As al-
luded to earlier, it was suspected that the expansion of the reactor
itself (i.e. components such as the cylinder, stirrer shaft assembly,
temperature well, support bolt) may have to be corrected for,to account
for some deviations in the expected results. The most critical of
these was found to be the expansion of the cylinder itself. Since the
LVDT was mounted on a housing which in turn was mounted on the cylin-

der any expansion of the cylinder was reflected in the LVDT readings.
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In effect, any increase in the vertical dimension of the cylinder would
decrease the change in the LVDT reading. 1In order to compensate for
this expansion a dial indicator was positioned atop the housing cover
to measure the displacement due to the temperature increase. This in-
formation was recorded along with the LVDT and temperature data. Com-
pensation for cylinder expansion was accomplished merelf by adding the
cylinder displacement to that recorded from the LVDT. When applied to
the water expansion data results were obtained as shown in Figqure 2.27.
These resemble the results described in Figure 2.26 in which deviations
from ideality were attributed to both the presence of a bubble and o-
ring roll. A third type of test was run illustrating these problems in
which a simulated polymerization was carried out by steadily withdraw-
ing water from the reactor starting at ambient conditions while rais-
ing the temperature. The LVDT and tempergture data are given in Figure
2.2Ba. The x's représent the corresponding LVDT position for no
change in the temperature, while the dashed line is the LVDT response
with no water being withdrawn. When the data were translated into
'conversion' type information (i.e. volume decrease), compensating for
cylinder expansion as described above, the results of Figure 2.28b
were obtained, the smooth line representing the actual syringe data

and the points representing the calculation of the volume decrease

from the LVDT, temperature, and gage information. The calculated con-
version is shown to be higher than the actual, this being the direct
result of the presence of an entrapped air bubble in the reactor.

This problem and its solution will now be addressed.

An alternate loading method was developed with the object of
62



LUMLR Water Test 4

LVDT voltage
Temperature (°C)

N N T R U U W A U B N |
0 10 20 30 40 50 60

Time (minutes)

Figure 2.28a Data Obtained from 'Simulated' Polymerization by
Steadily Withdrawing H_O from the LUMLR During Heat-up.
X'x Represent LVDT Vol%age if no Temperature Rise;
Dashed Line if no HZO Withdrawn

63



2.0

i LUMLR Water Test 4 a0
Lée

—
~N
1

from LVDT and gauge data ———___
~—syringe data

©o

Volume Decrease (cm.3 )

1 ]
0 10 20 30 40 50 60 10

Time (minutes)

Figure 2.28b Comparison of Measured Volume Change (Syringe Data)
with that Computed from the LVDT and Gauge Data
('Conversion') Corresponding to the Data of Figure
2.28a

64



reducing (or eliminating) air bubble entrapment in the LUMLR. The

idea was that if the reactor could be loaded under conditions of re-
duced pressure that any entrapped bubble would be considerably reduced
in volume once pressure from the piston was applied. Also, because

any fluid loaded in this manner would have to be degassed at the load-
ing pressure, it was considered that the gas (air) present as a bubble
would become redissolved into the fluid, thus eliminating the expansion
deviations due to this problem. Therefore, the loading hardware to
achieve a low pressure/gravity fill was aséembled, as diagrammed in
Figure 2.29. The loading procedure was modified to accommodate the
need to first degas the fluid. This was usually done around 20 mm Hg
for 0.5-0.75 hrs, while the pressure was increased to 35-45 mm Hg

for loading. The flow rate was adjusted so that the reactor would be
filled in 15~ 20 minutes. An initial test of this loading method, using
water as the working fluid,gave the results in Figure 2.30 along with
the data from Figure 2.27 for comparison. These results show that a
considerable improvement in the interpretation was obtained but there
was still some evidence that a small bubble existed in the reactor dur-
ing the test. Deviation considered to be due to o-ring roll was also
in evidence.

Two separate methods were used to prevent o-ring roll. The
first, not intended to solve this problem but to decrease the friction
of the piston in the cylinder, made use of a Teflon sleeve which was
placed over the lower Viton o-ring. The width of the sleeve was the
same as the groove machined out for the o-ring. At this stage the

upper o-ring was replaced by a Teflon ring to help decrease piston
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friction. The results of two expansion tests are given in Figure 2.31
where one test was performed after water was loaded at atmospheric
pressure and the other at reduced pressure. The former loading method
resulted in a behavior denoted by the presence of a small air bubble
but did not show the phenomenon attributed to the o-ring roll, instead
showing a nearly constant deviation from ideality. The reduced pres-
sure method gave results which showed no effect of entrapped air but
diverged from the expected to volumes lower than predicted by the fluid
temperature. There were several possible reasons for this, including

.. e s 3
poor mixing and an initial H_ O volume greater than 100 cm". Instead,

2
the real reason was that a leak had developed by which water escaped
between the Teflon sleeve and the cylinder surface. Scanning electron
microscopy of the sleeve surface revealed well defined grooves which
were created when the sleeve passed the fill port hole during the load-
ing operation. For this reason, the use of Teflon sleeves was aban-
doned.

The second approach used to counteract o-ring roll was to place
a Teflon back-up ring on the upper side of the Viton o-ring which was
snug and prevented any movement of the o-ring in its groove. Once
again a water expansion test was run with the reactor loaded by the
low pressure/gravity method. The results are illustrated in Figure
2.32 with both cylinder expansion compensated and uncompensated re-
sults being shown. The prediction with compensation was good (maximum
error of 1.3%), showing not only the need for this correction but also

the need to eliminate air bubbles and o-ring roll. These data gave the

best results in the water expansion tests, illustrating that it was
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indeed possible to obtain predictable expansion data from the LUMLR
provided the conditions of the water test were reproduced.

Before moving on to the more complex polymerization system, a
number of other concerns should be reviewed. The above results were
obtained considering the effect of the expansion of the cylinder in
the vertical direction by using a gage to monitor the change in height;
However, the MLR Flight Hardware had no provision for recording these
data and therefore, an alternate means was necessary to approximate the
expansion with the data at hand. In order to calculate the expansion us-
ing the coefficient of thermal expansion for the stainless steel {1071,
knowledge of the temperature profile along the cylinder at any time
was required. A simpler approach was taken, however, by using the wall
.and/or fluid temperatures to approximate a mean cylinder temperature.
After exploring a number of approaches the most favorable method for
approximating the cylinder expansion was found by simply assuming that
the cylinder had the same temperature as the fluid along its entire
length. This crude approximation is compared with several sets of
gage data in Figure 2.33. 1In general, the expansion is underpredicted
in the first minute and after 30 minutes and overpredicted in between
these times. The error at long times (>60 min.) is about 10%. This
increases the maximum error from 1.3 to 2.2% (error/AV) which would be
barely perceptible in Figure 2.32. A closer approximation could never-
theless be made by using a polynomial curve fit of these data (i.e.
gage = f(fluid temperature)). .
The expansion of the cylinder in the radial direction along with

the expansion of the stirrer blade and shaft, the temperature probe
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well, the piston, and LVDT support bolt have also been considered as
potential sources of errors in these measurements. The contributions
of most of these were found to be negligible when compared to the
major sources of error. The cylinder's radial expansion was treated
using the fluid temperature approximation as proposed above for the
axial expansion. A number of tests were conducted to find the con-
tribution of the LVDT support bolt. None of these proved positive.
Its contribution was therefore assumed to be negligible.

2.4.3.2.2 Expansion and Contraction in Polymerization

of a Latex

In order to obtain accurate kinetic data for a polymerization
conducted in a dilatometer one must have knowledge of not only the
behavior of the dilatometer 'in recording volume changes but also the
volume-temperature-composition relationships of the polymerizing phase.
The characterization of the LUMLR as a dilatometer was discussed in
the preceding section. The behavior of a latex during polymerization
in terms of its volume is discussed in the following.

During the isothermal polymerization of styrene the decrease in
volume of which dilatometry takes advantage is due to the decrease in
the intermolecular distance between monomer units as they add onto
growing polymer chains. When a vinyl monomer such as styrene is pol-
ymerized a double bond and a van der Waals bond are traded for two
single bonds and a decrease in volume [11]. One might expect that the
change in volume can be equated to a conversion merely by use of a con-
version factor. This has, however, been questioned in the literature

[2,5]. It has been pointed out that dilatometry is not considered an
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absolute method for obtaining kinetic data but must rely on conversion
factors and independent methods for determining final conversions [12].
The question of volume change and its relation to conversion has been
addressed by Rubens and Skockdopole [2] in which they discuss the dif-
ferences between assuming additive monomer/polymer densities and addi-
tive volumes in the interpretation of dilatometric data. In general,
most studies assume the volume of the polymer and monomer are additive
as in ideal thermodynamic solutions, or in terms of the density of the

solution,

Ppg = l/[(WP/pP) + (WM/pM),] (2.1)

where p represents density, W, weight fraction and subscripts PS, P,
and M polymer solution, polymer, and monomer, respectively. The cor-

responding expression which assumes additive densities is,

DPS = (Wp)pP + (WM)rJM (2.2)

Rubens and Skockdopole tested these by measuring densities of
polystyrene/ethylbenzene solutions up to 50 wt % via pycnometry. They
concluded that additive densities best described their results but
their evidence was not overwhelming in that it covered only the lower
conversion range. (For a seeded polymerization in which the polymer
particles are swollen with twice their weight in monomer, the 'conver-
sion' is already 33% at the start of the polymerization.) Also their
densities were reported at only two temperatures (20 and 80°C) without

mention of possible effects due to the proximity to the glass transition
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temperature (Tg) at the higher temperature. A number of questions,
therefore, remained. A knowledge of the density of a latex containing
water, monomer, and polymer as a function of composition and tempera-
ture is necessary to obtain accurate kinetic information from the
LUMLR. The densities of water and styrene are known. As in the water
expansion tests, the density was obtained through a polynomial curve
fit of HZO density/temperature data. The density of styrene was com-

puted from (13)

Py = 0.924 - 0.000918 (TF) (2.3)

The density of polystyrene was not found to be as well estab-
lished, in that a range of values was cited. Amorphous polystyrene was
found to have a density varying from 1.040 to 1.065 gm/cm3 and the
crystalline form, 1.111-1.120 gm/cm3. The Ehange in density with
temperature was found to be dependent upon whether the temperature was

above or below the Tg. The relationships considered for pPS were

o
. . - . < T 2.
p =1.050 0.000265 (TF( C) 20.0) for T (2.4

and

o
=1. - 0. - . > .
Pps 1.050 0.000605 (TF( C) 20.0) for 'I‘F Tg (2.5)

(i.e. at 20°C pPS = 1.050 gm/cm3). The reason that both of these re-
lationships were considered was that even though the polymerization
temperature (70°C) was lower than any reported value for the Tg of
polystyrene (80-—1000C), the presence of a solvent such as styrene is
known to lower the Tg of a polymer/solvent mixture. The question was
what expression applied to the polymer/monomer mixture and whether

throughout the course of a polymerization a single expression was
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adequate to describe the density of the polystyrene produced.

An attempt was made to measure the density of styrene/poly-
styrene solutions as a function of temperature and weight fraction
polymer via pycnometry. ASTM methods (D792 and D891) were followed
in the calibration and density measurements. Styrene monomer was used
without removing the storage inhibitor. The polystyrene used was ob-
tained in the form of pellets (Monomer-Polymer and Dajac Laboratories,
Inc.), being classified as high molecular weight (ﬁ;q= 3.42 x 105 via
GPC). The densities of all solutions were linear with temperature.

The weight fraction polystyrene could only be raised as high as 0.40
due to the high viscosity. Some results are compared in Figure 2.34
with computations using Equations 2.1 -2.5. at 70°C there are four
curves representing: 1) additive densities with pP for T<:Tg (a) and
T<Tg (B), and 2) additive volumes with pP for T>'Tg (C) and T<Tg (D).
At 25°C the relationships overlap to such a degree that only two curves
are presented (A' and C' defined as A and C). The small circles repre-
sent the data obtained via pycnometry. Thesé results seemed to indi-
cate that either additive volumes with pP determined using Equation

2.4 ('I‘<Tg) or additive densities with Equation 2.5 (T > Tg) was appro-
priate for determining the volume of styrene/polystyrene solutions.
However, this was not considered to be conclusive evidence in light of
the sample used and its difference from a latex system (i.e. the higher
molecular weight polymer, and the unknown effect of the monomer /polymer
and aqueous phase interface).

Concurrent with the water testing, described in the previous

section, a number of expansion tests were run using polystyrene latexes
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and also latexes swollen with monomer but without added initiator.

The problems of air inclusion and o-ring roll, however, overshadowed
the effect of the various density functions tested, only illustrating
their relative differences. Subsequently, the various density func-
tions were tested on data obtained from seeded emulsion polymerizations
conducted in the LUMLR after the low pressure/gravity loading method
had been developed and the back-up ring installed. The approach was
empirical in nature. Each relationship was substituted into the set

of equations used to compute the conversion and the results compared.
The results giving not only the most satisfactory expansion prediction
but also the closest final conversion when compared to an independently
determined value, determined the relationships to be used in all future
work.

Seeded emulsion polymerizations of monodisperse latexes were
carried out in the LUMLR primarily to obtain information regarding the
transition of kinetics from what was consiéered to be emulsion to bulk
behavior. These were performed in a sequence of steps in which par-
ticles were successively 'grown' to larger sizes. These experiments
will be described in detail in Chapter 3. The initial data were also
used to gain some understanding of which density functions would give
the closest estimation of the expected behavior in terms of volume
change due to temperature changes and also due to conversion of monomer
to polymer. As before, the expansion volume of the fluid as measured
by the displacement of the piston (corrected LVDT data) was compared
to the volume predicted from the fluid temperature and the initial con-

tents of the reactor. The conversion was estimated in terms of the

78



grams of polystyrene produced divided by the initial grams of styrene.
This was computed from the difference between the volume determined
from the LVDT reading; and the volume calculated from the TFLU based
on the contents of the reactor considering that no conversion had
taken place. A more complete description of this and how the initial
fluid contents of the reactor were determined are given in Chapter 3.
Data collected from initial polymerizations were analyzed to determine
the effect of three variables: 1) additive densities versus additive
volumes, 2) the density function of polystyrene above versus below its
Tg' and 3) TFLU estimation versus gage (dial indicator) compensation

for cylinder expansion. The variation in results obtained using the

gage versus T approximation was minor in comparison to the other

FLU
effects and are not illustrated here. The interpretation of kinetic
data via the remaining four variations are shown in Figure 2.35. The
use of the computation variations involving Equation 2.5 (i.e. pP for
T3>Tg) was immediately rejected for two reasons. First, the deviations
during expansion increased with increasing temperature. This was a
direct result of using the density expression for polystyrene at a
temperature above its Tg. Apparently, one can infer from this that

the density of a polymer in solution is the same as in the solid even
though it is plasticized by a solvent. Secondly, the final conversions
determined from the dilatometry exceeded 100% (103.8% for the case of
additive volumes and 108.1% for additive densities) which of course is
an impossibility. The remaining two computations using the density
functions for polystyrene at a temperature below its Tg also show dev-

jations between the predicted and measured volumes but to a lesser
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extent for the computations assuming additive densities. One must re-
member that this was an actual polymerization and that some deviation
could not be ruled out due to actual polymerization. The final conver-
sions (based on total polymer) obtained via dilatometry were 95.8% for
the case of additive volumes and 98.0% for additive densities. The
final conversion measured by iso-octane extraction (see Section 3.5.1.5)
was 97.3%. The entire conversion curve along with the fluid and wall
temperature data are given in Figure 2.36 for the case of additive den-
sities. It was concluded, in this case, that the use of additive den-
sities was more accurate than additive volumes for characterizing the
density of styrene/polystyrene solutions in a latex. Further tests on
these variations were performed with other sets of data and generally
the cases using additive densities proved to be the more acceptable.
These findings are in line with those of Rubens and Skockdopole ([2]

who also found additive densities to be the more suitable relationship
for describing their results. These results also show that the LUMLR
dilatometer can be used to obtain accurate kinetic data from direct
interpretation of the data provided that the reactor was loaded free

of any air bubbles, o-ring roll was eliminated, agitation was efficient,
the fluid temperature and volume were known, and the actual contents of
the reactor (recipe) were determined.

2.4.4 Isothermal Character

"Temperature control loops are usually slow because of the sensor
lags and the process heat transfer lags." [14] This statement can ap-
ply to large scale systems as well as small ones such as the LUMLR dil-

atometer. A lag in the measurement of the fluid temperature would be

8l



L&

-
PRI LYY

o i
S

Al

ORIGY

-t Q V !1;_ :i‘Y

" OF POL:

§93ey UoTieZTIISWATOd ‘(@ pue ATsaaT3l

-oadsay ‘soanjeradwnl TTEM pue prnig jussaidey X pue + °SIT3ITSUS] TBWATOJ /IBWOUOK
SATITPPY bButumssy ‘uoriezTisuwiTod UOTSTNUY poOpadS B I0J pPauTelqo AIO3ISTH UOTSISAUO)

"3dNLIve3IdWNG L

J

SAINNIW “3WI1

00« CC9 GOs (03014 CGC¢ cov GOt S
° ! ! ! . =1 T T T T | -
©
[ g
| © . e
& -1«
- o ]
07 &
= [n) &
c® & h
)
[n)|
@ =1 01
Ov i -
Ny
¢ Qg ﬂ
& o® &
i o e B ope® @ -« b1
o n? © o+
) [nJEn] o
& oo he
QM%A QB @ +x
Ny e
- CEe e 0 ® @ e E nﬁ_ i <y
Mi
oy 7 x
i T+t .{fl%{ia}li%&ﬁ X
MUK MAUX N X X e IL.|.. NW»
Ce + ]
1 | | . | | 1 , | . | ) }

9e°¢

ANFHALSAT0d SHYHO

S

'Llll!l

[llll' !

l

Illll! Il

sxanbtg

[

1)

_ 0!

0

.0l

.01

3lvy "WAT0d

S/5370W)

R

{

82



exposed by deviations in the interpretation of expansion data. The
water expansion results given previously in Figure 2.32, however, show
only a very slight deviation which could not be attributed to any tem-
perature lag. Nonetheless, evidence for a lag was presented in Figure
2.14 which showed a difference as great as 1°C between the TFLU sensor
and a thermocouple placed next to the temperature well during a heat-up
cycle. Deliberate measurements of this sensor lag were made, the data
showing that a lag as high as 1.7°¢ was possible. Figure 2.37 indicates
that this lag reaches a maximum at about 15 minutes, and then decreases
approaching zero. Apparently, this has little perceptible effect on
the interpretation of expansion data, possibly because the average tem-
perature of the fluid in the reactor lags behind the temperature mea-
sured at this point. The only perceivable effects of lag in the fluid
temperature measurement were found when the fluid viscosity in some
experiments was increased by expanded double layer effects thereby re-
ducing the mixing efficiency.

Since the controlling temperature sensor was located in the re-
actor wall and not in the fluid, severe process heat transfer lags
were possible between the reaction fluid and this sensor (i.e. temper-
ature control would be poor if a rapid exothermic reaction took place).
A measure of this lag was the degree to which the reaction fluid tem-
perature deviated from the isothermal condition. The actual control
mechanism is not known, however, a description in terms of behavior
can be offered. When the heat-up cycle in the LUMLR is initiated, a
continuous 36.5 vdc is applied across the heating wire until the wall

sensor reaches a temperature of 68.3OC at which time (10- 15 min. de-
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pending on initial T LU) the voltage begins to pulse with a decreasing

F
‘on' time as it approaches the 71.5°C control wall temperature. This
is indicated in Figure 2.37 at the maximum temperature lag. The fluid
temperature reaches about 51°C when the voltage begins pulsing and thus
the approach to its steady state temperature (69.0 + O.SOC) takes place
over an extended period of time. After 30 minutes the fluid tempera-
ture is about 66°C and at 60 minutes about 68.5°C. For a relatively
slow polymerization, the fluid temperature reaches steady state and
will remain there throughout the reaction. A fast reaction, however,
may never truly reach a steady state temperature until after its rate
maximum has passed. An example is given in Figure 2.38, which shows
the kinetics of a polymerization which was essentially complete in
about 2 hours. After about 50 min. the fluid temperature rose slowly,
(~0.02°C/min) until the polymerization rate exceeded about 1 x lO_7
moles/cm3 sec. As the rate increased to a maximum of 5.5 x lO-7
moles/cm3 sec the temperature climbed to 69.9°C or about 1°c above

the steady state value. No change was noted in the wall temperature
until the fluid temperature was about 69.8°C (a 0.1°¢ change was

noted) illustrating that a lag did indeed exist in heat transfer be-
tween the fluid and the wall sensor. In this case, as well as all
others run in LUMLR, this problem did not have any serious conseguences
and therefore was not judged to be unacceptable. If, however, the re-
actor had been better insulated, cutting down on heat losses, the prob-
lem may have required correction. Computations were made for the im-

aginary case in which no heat loss took place and the fluid temperature

was allowed to rise without control, due to the heat of reaction. For
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this case (Figure 2.38) it was found that the temperature would rise to
78°¢ by the end of the polymerization. This illustrates that this
method of control works satisfactorily partially because of certain
heat losses from the reactor. When the net amount of heat transferred
to the fluid, computed from the fluid temperature history, was compared
to the heat entering the fluid due to reaction, it was seen that con-
siderable heat must be transferred out of the system (the fluid) to
maintain the given temperature profile. These results are shown in
Figure 2.39 for the reaction kinetics given in Figure 2.38. A number
of empirical relationships were derived to predict the temperature

riée (and fall) due to high polymerization rates (>1 x 10-7 moles/cm3
sec) for the purpose of being able to simulate seeded emulsion polymer-
izations of monodisperse latexes through a mathematical model. These
contributions, based on the heat evolved from reaction versus the heat
loss from the reactor, were subsequently found to be negligible in
light of other kinetic considerations, however.

There was also some concern in these studies that a latex par--
ticle may be able to exist at a higher temperature than the surrounding
fluid due to the internal polymerization reactions. However, in com-
putations assuming extreme conditions, the radial temperature profile
was found to be isothermal. Only extremely high polymerizatioh rates
and particle sizes on the order of 1 mm in diameter could produce any
perceivable tempefature gradient in the particle. This finding has
been verified by others in this laboratory [15].

2.5 Summary

A stainless steel piston/cylinder type dilatometer, designed and
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manufactured by General Electric Space Science Labs, was calibrated,
modified and tested. Agitation, in an oscillatory mode, was investi-
gated for efficiency in terms of reducing temperature gradients and

the sedimentation of large size latexes. An improved stirrer paddle
was designed and tested (pulse tests) and found to be much more effi-
cient than the original design. Adequate mixing could be achieved with
as low a stir speed as 10 rpm and an arc of rotation of 30° (oscilla-
tory mode). This is recommended for polymerization experiments in
microgravity.

Volume changes due to heat up and polymerization can be predicted
within ~2% of their actual values provided that: 1) the reactor is
loaded without air inclusion via a low pressure/gravity procedure; 2)
the exact volume (+0.2 cm3) of the fluid occupying the reactor is known
from the calibration of piston position; 3) the lower piston o-ring is
held in place by a back-up ring; 4) the average temperature of the
fluid is known (i.e. adequate mixing) as a function of time; 5) cylin-
der expansion is compensated for via gage data (or TFLU approximation) ;
6) the exact composition of the fluid is known (i.e. styrene via iso-
octane extraction); and 7) the appropriate density functions for water,
monomer, and polymer are used in the interpretation of the kinetic-data.
The accuracy of the end point in the polymerization should be verified
by independent means (e.g. iso-octane extraction).

Relatively fast reactions generally cannot be conducted under
strictly isothermal conditions in the LUMLR due to the control scheme
incorporated. Slow reactions, however, can be run at a constant tem-

perature of 69.0j;0.5°c. Steady state is reached in about 60 minutes.
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The LUMLR prototype dilatometer is a rugged piece of hardware de-
signed for a specific application, capehle of providing the means for

producing monodisperse latex and relevant kinetic data.
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CHAPTER 3

KINETICS OF SUCCESSIVE SEEDING OF MONODISPERSE LATEX

3.1 Introduction

The emulsion polymerization of relatively water insoluble mono-
mers, such as styrene, is largely recognized to proceed through three
separate kinetics stages. Initially, the system is composed of a con-
tinuous water phase in which surfactant is present either as free mol-
ecules, micelles, or adsorbed ontc large (~10 um) monomer droplets.
The majority of the monomer is found in these droplets with the remain-
der solubilized in the micelles or in the aqueous phase. Particle form-
ation takes place in Interval I when free radicals from decomposing
initiator enter micelles and initiate polymerization. Interval I ends
when all micelles have disappeared either by particle formation or by
disbanding to support the growth of other particles. Interval II is
the growth stage, in which free radical polymerization continues to
take place in the monomer swollen particles, the monomer concentration
being maintained by diffusion from the monomer droplet reservoirs.
Once these reservoirs are depleted, the monomer concentration in the
particles begins to fall due to continued polymerization. This signi-
fies entry into Interval III. The conversion at the beginning of this
stage is known as the critical conversion,xc,which differs depending
on the monomer/polymer system [17]. For styrene/polystyrene,xc has
been reported to be in the 0.25 to 0.35 conversion range (i.e., 3/1 to
2/1 monomer to polymer particle swelling ratios, respectively). Partic-

le shrinkage generally takes place in Interval III because the polymer
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produced is denser than its monomer. Typically, Interval III ends with
the cessation of polymerization. However, another interval has been
proposed to account for the possible reappearance of micelles caused by
desorption of emulsifier during particle shrinkage [18]. A new crop of
particles is then formed in Interval IV, and the remaining monomer is
consumed.

Generally, the particles formed through emulsion polymerization
have a relatively broad particle size distribution (PSD) with sizes
varying from 0.1 to 0.4 um. "Monodisperse" latexes, those with a very
narrow PSD, can also be produced by this same process if the particle
nucleation stage (Interval I) is kept short relative to the particle
growth stage. This preparation method can only produce sizes in the
0.05 to 0.2'um range. To grow larger sizes the method of successive
seeding is used in which the small particle size latexes are swollen
with monomer and polymerized in a series of growth cycles. It should
be noted that an alternate method for preparing monodisperse latexes
has also been developed by which particles as large as luum are pre-
pared in the absence of emulsifier [23]. This method, however, pro-
duces latexes of relatively low solids contents.

The method of seediﬁg is popular not only in the preparation of
larger size monodisperse latexes but also in the study of the many
mechanisms involved in the emulsion polymerization process [24,25,26,
27,28,29]. The use of this technique eliminates the need to treat the
complex particle formation step (Interval I), thus simplifying the
study of the parameters affecting particle growth. Generally, seeded

emulsion polymerization is an Interval II and/or III process. If the

92



amount of monomer added does not exceed that required to reach satura-
tion swelling of the particles, then Interval III predominates. The
same basic kinetic expressions are applicable in both intervals as long
as changes in kinetic parameters in the two intervals are taken into
account [32]. Thus far, few kinetic studies have taken advantage of
the method of successive seeding to study the effect the degree of sub-
division of a system has on the polymerization kinetics. As the par-
ticle size is increased for a fixed solids content, the number of par-
ticles decrease and therefore, the degree of segregation of growing
radicals. A decrease in the overall (measured) polymerization rate is
expected from a decrease in the number of particles. A condition is
reached, however, when the number of growing radicals in a particle can
exceed one and thus,cbunter the effect of decreasing particle number.
This condition is a function of particle size, as well as, the degree of
conversion. An assessment of the relative strengths of these opposing
effects can be determined through successive seeding from small to
large particle size with monodisperse latexes. This represents a trans-
ition from emulsion polymerization kinetics, in which the polymeriza-
tion rate is directly dependent on -the number of'particles in the sys-
tem, into the region of suspension or bulk polymerization where the
rate is independent of NP. The extent to which this transition can be
bridged is investigated in this research program.

In order to study the kinetics of successive seeding of monodis-
perse latexes, polymerization recipes must be available which can suc-
cessfully produce these latexes without coagulum and small particle

nucleation. A review of other efforts in successive seeding will be
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given and their applicability to kinetic studies assessed. Some early
work in this lab will be described in which a three-step sequence was
used first, to obtain information regarding the nature and magnitude of
the particle surface charge as a function of particle size and initi-
ator concentration and second, to obtain polymerization kinetics as a
function of the same fwo parameters. The problems and drawbacks to
the formulation method and results will be reviewed. A more systematic
recipe development will be described and kinetic results presented for
seven-step sequences performed varying the initiator type and concen-
tration and aqueous phase inhibitor type and concentration. These
results will be analyzed and compared for the effects of these param-
eters,as well as,the particle size. The transition from emulsion to
bulk kinetics will be addressed in terms of 5, the average number of
radicals per particle, and the degree to which the polymerization rate
becomes independent of particle size at the larger sizes.

3.2 Prior Developments in Successive Seeding

In order to successfully prepare monodisperse latexes via the
method of successive seeding, the emulsifier concentration must be con-
trolled in such a way as to prevent new particle generation and coagu-
lation. For small particle sizes the operable range for emulsifier
concentration is relatively broad [21,22] but above 1 um the successful
preparation of a monodisperse product becomes very sensitive to the
amount of emulsifier in the system and also the degree of shearing to
which the latex is subjected in order to maintain adequate mixing. At
these relatively large particle sizes (i.e. for emulsion polymeriza-

tion) a successful polymerization has been termed a "knife-edge" oper-
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tion, meaning that duplicate recipes prepared under the ‘same conditions
may result in either a partially flocculated monodisperse latex or a
stable latex containing a second generation of smaller particles [31].

With increasing particle size also comes the problems of cream-
ing and settling of the monomer/polymer particles during the polymeri-
zation process. Decreasing intensity of Brownian motion coupled with
the density difference between the particles and water causes creaming
of highly swollen particles and settling of particles at high conver-
sion. The accumulation of creamed or sedimented particles can result
in flocculation and coalescence thereby destroying the monodispersity.
Increased agitation can be used to offset these gravitational effects
but with greater risk of coagulation due to mechahical shear [31].
Most studies, however, have only been concerned with the development
of suitable stablization systems for each step in a sequence without
much concern for the mixing characteristics of the polymerization re-
actor.

The pioneers of monodisperse latex first demonstrated that the
successive seeding technique could be used to grow 0.1 um monodisperse
particles stepwise to a size of 2 um [19,20,21,22]. Generally, the
smaller sizes were polystyrene and the larger (>1.5 pm) were poly-
vinyltoluene. The latter was used to take advantage of its smaller
density difference with water as compared to polystyrene. Apparently,
however, the exact nature of the recipes required to accomplish this
were considered proprietary and therefore remained unpublished. Of
critical importance was the emulsifier and its concentration. In

general, the emulsifier should be both a good wetting agent and a
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good dispersing agent [33]. With any emulsifier a (more or less)
trial~-and-error procedure must be adopted to find the concentration
range which can be used to successfully prepare monodisperse latexes
(i.e. without flocculation or a new crop of particles) for each step
in a sequence. In general, this has been the procedure followed in
more recent publications. De%elié et al. [33] reported that mono-
disperse latexes up-to 0.95 um can be prepared using Aerosol-MA emul-
sifier (sodium dihexylsulfosuccinate - American Cyanamid Co.). The
amount of emulsifier required to successfully produce monodisperse
latexes via seeding was found to decrease with incréésing particle
size (.075 wt% for 0.367 um polystyrene latex to 0.035% for 0.983 um
latex). In these experiments, potassium persulfate (K28208 was used
as the initiator with sodium bicarbonate buffer (NaHCOB). Monomer/
polymer ratios (M/P) varied from 9.8 to 1.38 with final solids con-
tents of about 20%. The results using Aerosol-MA when compared with
previous results usinq potassium laurate and sodium dodecylbenzene
sulfonate were found to be superior.

Another extensive study using the seeding technique was performed
using a mixed surfactant system of Triton X-100 (polyoxyethylene iso-
oxtylphenyl ether - Rohm and Haas Co.), a nonionic emulsifier, and
sodium dodecylbenzene sulfonate, an anionic emulsifier [34]. Mono-
disperse latexes were produced in sizes up to 1.25 um in diameter
through a four-step successive seeding starting with a 0.29 um poly-
styrene seed and 'overpolymerizing' with polyvinyltoluene (M/P ~2.5).

The weight ratio of anionic to nonionic emulsifier was generally about
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40/60. The amount of emulsifier present in the final latexes was
characterized in terms of the surface coverage of the particles as
determined from soap titration. An optimum surface coverage was found
to lie in the range of 50 to 70% based on the final latex surface
(~50% total solids content). No information was reported on the dis-
tribution of the two surfactants between the particles and aqueous
phase, however. KZSZOB was used as the initiator species with the pH
being raised by Naoﬁ to increase the number of chemically bound sulfate
groups. No kinetic studies were reported for these or the previous
studies using the formulations developed for successive seeding.

A recent study using successive seeding was conducted in this
lab with the objective of investigating the surface charge density as
a function of particle size {35]. An extension of this study will be -

reported here.

3.3 Early Work - Successive Seeding and Surface Charge Density

The effect of particle size on the surface charge density of
monodisperse polystyrene latexes was investigated using the method of
successive seeding to produce particles of 0.3, 0.45, and 0.70 um d&i-
ameter startiﬁg from a 0.19 um seed (Dow LS1102A) ([35]. The surface
charge densities were'determined via the ion exchange and conducto-
metric titration method. The latexes were prepared using sodium
lauryl sulfate emulsifier, persulfate initiator, and bicarbonate buf-
fer. Only strong acid groups were found on the particles' surface.
The surface charge density increased with increasing particle size and

14 2

was said to approach an equilibrium value of 1.83 x 10 cm (183 82)

per sulfate end group. This was attributed to the increased electro-
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static repulsion between the particles and the charged oligomeric
radicals formed from sulfate ion radicals polymerizing in the aqueous
phase. Also, the emulsifier concentration range for successful prep-
aration of monodisperse latex was found to narrow with increasing
particle size. A 1 um latex, free of new crop generation, was not suc-
cessfully prepared. This work was then extended by a study of the ef-
fect of initiator type and concentration on the surface charge density
using the three-step sequence.

3.3.1 Preparation and Surface Characterization Methods

Four sets of three-step successive seeding experiments were con-
ducted starting with a monodisperse 0.19 um polystyrene seed. This
seed was first ion exchanged [36,37,38] to remove unknown quantities
of emulsifier and electrolytes left over from the original preparationf
The styrene monomer (Fisher Scientific Co.) used in all experiments
was purified by removing the inhibitor through repeated washings with
10% NaOH solutions followed by distilled-deionized water and distilla-~
tion under N2 (Zero Grade - Linde Div. Union C;rbide Corp.) at 20 mm
Hg. The monomer was stored at —15°C until used. Reagent grade SLS
(Onyx Maprofix S€3), K28208, {both Fisher Scientific Co.) and AIBN (azo-
bisisobutyronitfile - VAZO 64 - Dupont Co.) were used without further
purification.

Thevlatexes were prepared by bottle polymerization, first swell-
ing the particles without initiator for two hours at 7OOC by end-over-
end tumbling in a constant temperature bath. Initiator was then added
after cooling to room temperature and the létexes purged for 15 min,
with N_ gas. Polymerization was conducted for approximately 20 hrs. at

2
70°C with end-over-end tumbling. gg



Surface characterization was accomplished by the ion exchange and
conductometric titration techniques. A mixed bed resin of Dowex 50W
(H+ form) and Dowex 1 (OH form) was prepared after each resin was sub-
jected to a rigorous purification process [36,37,38]. Each latex (~5%
solids) was contacted with the resin mixture (~1 gm/gm polymer) in 5
batch ion exchange cycles, each lasting 2 hours. Immediately following
the last cycle, the latex was diluted (approximately 1 gram polymer in
200 cm3 distilled-deionized water) and titrated with 0.02N NaOH. The
titration was followed conductometrically [39]. The number of sulfate
groups (strong acid) was determined from the amount of NaOH required to
reach an endpoint indicated by a change in the sign of the slope of the
titration curve. (See Appendix A.) Carboxyl groups (weak acid) were
determined from the amount of additional NaCH added to reach a second
endpoint indicated by a change in the magnitude of the slope of the
curve. Additional details of this procedure can be found elsewhere
[39].

3.3.2 Characterization Results

The generalized recipes used in each step of all sequences are

presented in Table 3-1. In three sequences K28208 was added in concen-

trations of 1.34, 2.44, and 9.7 mM (in the aqueous phase) with equal
amounts (wt. %) of NaHCOB. The previous latexes were prepared using

4.80 mM K25208 {39]. A fourth sequence was run with AIBN as initiator
(6.4 mM on monomer/polymer phase) for comparison. Note in Table 3-1
that the amount of emulsifier based on surface coverage was reduced to

42% of the initial seed surface area for step 3, this being required to

reduce significant nucleation of new particles [39].
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Table 3-1

Successive Seeding Recipes

Recipe Parameter Step 1 Step 2 Step 3
Seed (polymer), gms 1.050 1.480 1.330
Styrene, gms 3.090 3.520 3.670
ddi waterl, gms 18.950 20.000 20.000
SLSZ, gms 0.029 0.019 0.007
Initial seed size, um 0.19 0.30 0.45
Final particle size, um 0.30 0.45 0.70
M/P 2.94 2.37 2.81
Final solids content3, % 18 20 20

Emulsifier surface coverage of initial
seed?, 3 80 80 42

144i = distilled dionized

2 . . . .
total amount added, taking into account the amount initially present
in the seed.

3nominal 5

4assumes 50 3/SLS molecule on polystyrene and all emulsifier on par-
ticles' surface

The conductometric titration results obtained for the latexes
prepared with varying initiator concentrations are presented in Figure
3.1 along with the prévious results (circles). The open points repre-
sent the amount of surface charge attributable to strong acid (sulfate)
groups, while the solid points indicate the total charge, i.e.
strong and weak acid. The previous results showed the presence of
only strong acid groups. The presence of carboxyl groups can be at-
tributed to several possible sources, particularly the hydrolysis of
sulfate groups followed by oxidation and side reactions of the initiat-

ing species [40]. Nonetheless, these additional data confirm that not
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only does the surface charge density increase with increasing par-
ticle size but also with increasing KZSZOB initiator concentration.
Other studies have also given some indication of this same trend with
particle size [41,42]. In continuous particle electrophoresis exper-
iments, the electrophoretic mobility was found to increase with in-
creasing particle size allowing partial separation of seven monodis-
perse particle populations ranging in size from 0.088 to 2.02 um [42].

The data of Figqure 3.1 can also be presented from other points
of view. As a result of the original work it was proposed that the
.surface charge density approached an equilibrium value in terms of
the average area occupied per sulfate end group. Figure 3.2 includes
this data along with the results obtained in these studies. As the
initiator concentration and particle size increase the area occupied
per end group (-SOZ and —COO-) decreases but with less sensitivity at
the higher initiator concentration. A limiting value may be ap-
proached in each sequence but it is most likely due to the recipe
conditions rather than an increase in electrostatic repulsive forces
preventing the adsorption of free radical oligomers bearing sulfate
groups. The arrow in the bottom right corner of Figure 3.2 represents
the adsorption area per SLS molecule at saturation (42 Xz/molecule)
which may indeed represent a true limit due to crowding of the par-
ticle surface with charged groups.

A third manner of presenting these data is in terms of the total
number of surface groups found relative to the total amount of poly~-
mer (ueq/gram). The surface charge in these terms is presented in

Figure 3.3 again as a function of particle size at the various initi-
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ator levels. The results at the three lower initiator concentrations
show some slight dependence on the particle size while the highest
shows a decreasing surface charge. Speculation about the nature of
the polymerization kinetics is offered based on these findings.

" Por small particle size latexes (~0.1 um) the polymerization
rate is generally independent of particle size and initiator concen-
tration within certain limits (i.e., when n=1/2). As the particle
size increases, however, the rate is affected due to an increasing n
and a decreasing number of particles. Nevertheless, as a first ap-
proximation it was assumed that each step in a sequence required
similar lengths of time to reach complete conversion (i.e., radicals
would only be absorbed for this length of time). From the polymeri-
"zation time, the initiator concentration and its decomposition rate,
surface charge densities (peq/gm) were computed for each step in a
sequence based on the original recipes. Initially it wés assumed
that all decomposed initiator was absorbed by the particles and was
detectable through conductometric titrations (i.e., either sulfate
or carboxyl groups). The time chosen for complete conversion was
based on the results of kinetic experiments having similar recipes.
These will be reviewed in the following section (3.3.3). 240 min-
utes were used for the sequence using the lowest amount of initiator
(1.37 mM). The computed surface charges at the completion of each
seeding step were 12.9, 15.0, and 15.7 ueg/gm for the 0.3, 0.45, and
0.7 um particles, respectively. The initial seed had a surface charge
of 4.1 peg/gm. These values lie well above those reported in Figure

3.3. There are several possible explanations for this: i) not all

105



groups were detected experimentally; ii) the actual polymerization
time was much shorter; iii) the efficiency of the initiator radicals
in terms of initiating polymerization in the aqueous phase together
with adsorption onto the polymer particles was less than 100%. Even
though each of these was plausible, closer attention was paid to the
third one, based on accounts of lower initiator efficiency found by
others [43]. The efficiency was adjusted by simply varying the frac-
tion of decomposed initiator contributing to polymerization and re-
computing the surface charge. An efficiency of 25% was thus found-

to result in 4.01, 3.99, and 3.98 peq/gm for the three successive
steps, which agrees much better with the experimental data. The re-
maining differences may still be due to any combination of the three
possibilities mentioned previously but to a smaller degree. Initiator
efficiencies of 27 to 41% were reported for particles ranging in size
from .221 to .364 um [43], this being within the range of these exper-
iments. The same procedure was applied to the next two sequences with
higher initiator levels. For 2.44 mM KZSZOB' a polymerization time

of 200 minutes was used. An efficiency of 27.5% resulted in surface
charges of 6.03, 6.48 and 6.63 peg/gm for the 0.3, 0.45 and 0.7 um
particles, respectively. Likewise, for 4.81 mM KZSZOB an efficiency
of 25% resulted in 8.08, 9.03, and 9.32 ueq/gm for the same three
steps having a 150 min. polymerization time. The last case, that with
the highest initiator level (9.77 mM), was also treated in the same
way but with a fixed time and efficiency there was no way to effect a

decrease in the surface charge. By varying either of these, however,

reasonable results could be obtained. It is likely that a combination
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of the two is in effect. These results fit the experimental data
fairly well and yet it must be noted that the assumptions made are
not likely to be wholly accurate, thus requiring actual kinetic in-
formation for verification or modification of these points.

Weight average molecular weights (ﬁw) were determined by GPC
(gel permeation chromatography) as an additional characterization of
the polymer produced in these sequences. As might be expected qual-
itatively, ﬁw decreased with increasing initiator concentration and
increasing particle size (Figure 3.4). The molecular weight in con-
trolled by the radical entry rate and the termination mode and rate
in the particles. These data indicated that the molecular weight was
most sensitive at high concentrations. Alsc, the ﬁw decreased with
decreasing sensitivity to initiator concentration at a given particle
size, in support of the choice of shortened reaction time (with in-
creasing initiation concentration) given previously. The shorter the
reaction time (i.e., higher the polymerization rate), the lower the
number of radicals éntering the particles at a given initiation rate
and the greater the molecular weight. This has a tendency, therefore,
to counter the effect of increasing initiator concentration, as shown
in Figure 3.4.

Surface charge densities and molecular weights are only indirect
indications of the nature of the polymerization kinetics in successive
seeding experiments but can be important in identifying some of the

mechanisms involved in emulsion polymerization.
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3.3.3 Measurement of Polymerization Kinetics via Dilatometry

Three successive seeding (3-step) experiments (designated SSMLR
1,2, and 3) were conducted in the LUMLR dilatometer in order to ob-
tain polymerization kinetics as a function of particle size and init-
jator concentration. The objective was to carry out the reactions
with the same recipes as used in the surface charge density studies
and use the kinetics to aid in the interpretation of the results,
i.e., to confirm or refute the earlier speculation.

The polymerization recipes were prepared, as described in Sec-
tion 3.3.1, by swelling the seed for two hours at 70°C. The latexes
were purged with N2 for 20 min. following cooling and the addition of
the initiator and buffer. 1In these studies, the reactor was loaded
by the atmospheric/gravity method (see Section 2.4.3). (The low -
pressure method was not fully developed at that time.)

A number of problems were identified in the process of perform—
ing these studies. Complete particle swelling was not consistently
achieved under the conditions of the experiments as evidenced by the
presence of a free monomer layer in the loading flask. This was par-
ticularly true for the first step in each sequence, in which swelling
ratios averaging around 2.0 were attained as compared to the intended
2.9 ratio. There were two possible reasons for this: i) insufficient
time was alloted to reach equilibrium; ii) the equilibrium swelling
ratio was less than 2.9 for the given conditions of particle size -
and emulsifier concentration. Swelling ratios have been reported
over this range depending on experimental conditions including the
temperature, the specific emulsifier and its concentration, and the
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particle size and concentration [44,45]. The swelling ratios were
much closer to the expected values for the second and third seeding
steps. Incomplete swelling (i.e., lower total surface area) had the
undesirable effect of raising the aqueous phase concentration of
emulsifier, thereby increasing the possibility of nucleation and
stablization of a second generation of particles. Examination of the
products by transmission electron microscopy revealed a few small
particles in the second step and significantly more in the third
step of the sequence prepared with 2.4 mM KZSZOB'

The use of the atmospheric/gravity loading method often led
to the presence of air bubbles in the reactor as seen in the inter-
pretation of the expansion portion of the experiments. (See Section
2.4.3.) The data over the first 20 - 40 minutes were rendered useless
and therefore any conversion over this period was not identified.
This was not considered a significant amount for bolymerizations in
which the rate was low (i.e., for the lower initiator concentrations,
such as 1.37 mM) but for cases with high initiator concentrations and
thus, high polymerization rates, a significant amount of kinetic in-
formation was lost. For example, in the second seeding step of the
sequence using 9.77 mM KZSZOB (SSMLR 3-2) only about the last 60% of
the conversion curve was obtained. The reaction was nearly complete
(i.e., conversion greater than 90%) in the first 60 minutes of the
polymerization. These kinetic results are therefore of little use.

The kinetic data obtained for sequences SSMLR 1 and 2, prepared
with 1.3 mM and 2.4 mM K_S. O are given in Figures 3.5 and 3.6, re-

27278'

spectively. The conversion is expressed in terms of the grams polymer
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produced rather than the fractional conversion so that a more valid
comparison of data could be made. A number of similarities and dif-
ferences were immediately obvious. Overall the two sets appeared
kinetically dissimilar in that for the lower initiator concentration
(SSMLR 1) the polymerizations required increasingly longer times to
reach completion for increasing particle size while in SSMLR 2 there
was no such trend. Also, for each sequence the amount of polymer be-
ing produced increased with particle size (X > 95%). This was due to
the low swelling ratio in the first step (~2.0/1) and the recipe de-
sign of the following two (2.4/1 and 2.8/1, respectively). This made
kinetic comparisons more_difficult in that the polymerization rate is
known to be dependent on the fraction of polymer in a particle, par-
ticularly at larger particle sizes where more than one growing radical
could be accommodated in a particle (5>-l/2).

The shape of the conversion curves (Figures 3.5 and 3.6) was
basically the same. The rate of polymerization initially increased,
then decreased, (except for SSMLR 2-2) increased again and then fell
to zero as the monomer concentration dropped to near zero. The in-
crease in the polymerization rate at higher conversions was due to
the well known gel effect brought about by the decreasing mobility of
the polymer chains, in effect lowering the termination rate constant,
kt. The decreasing rate noted prior to the dominance of the gel ef-
fect was possibly real (i.e., caused by a decreasing monomer concen-
tration in the particles prior to the gel effect) but most probably
was an artifact caused by the initial presence of an air bubble in

the reactor. Subsequent polymerizations performed after loading via
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the low pressure/gravity procedure did not show this phenomenon.

The similarity of the conversion histories for the first step
in the two sequences was attributed to the polymerization taking place
in the proximity of Smith-Ewart Case 2 conditions (5==l/2) [46]. Cb-
viously, these exact conditions did not exist in that n did increase
somewhat from 1/2; however, this was the dominating factor in these
kinetics (as opposed to the increased initiation rate from the in-
creased quantity of initiator). With increasing particle size, Case
2 conditions were no longer fulfilled as n grew to.be much greater
than one (Case 3 kinetics). This represents the beginnings of the
transition of kinetics from emulsion to 'bulk' which is explored in
much greater depth and detail in the following sections.

3.3.4 Recommendations

An improved method of successive seeding was required in order
to obtain kinetic data over a wider range of particle sizes and under
conditions which produced reliable and complete kinetic information.
To accomplish these ends, a number of recommendations were enacted:

1. the development of an improved successive seeding method in which:

a) the emulsifier used was Aerosol MA.

b) the amount of emulsifier added was based on a fractional sur-
face coverage of the final particle surface (accounting for the
amount in the aqueous phase) and held constant throughout the
sequence.

c) the M/P weight ratio was fixed at 2/1 whereby particles would
be grown successively from 0.19 to 0.27 to 0.39 to 0.57 to 0.82

to 1.19 to 1.76 to 2.4 um.
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d) the final solids content was fixed at 30%.

e) lower initiator concentrations were used (1 mM).

f) actual amounts of monomer in swollen and product latexes were
determined by independent means.

2. The LUMLR dilatometer was used to obtain reaction kinetics before

which:

a) a back-up ring was incorporated on the lower piston o-ring
(Section 2.4.3}).

b) an improved agitator paddle was developed (Section 2.4.2.3).

¢) minimal agitation speed was adopted.

d) loading was accomplished by the low pressure/gravity technique.

3.4 Recipe Development

The prevention of nucleation and coagulation in the preparation
of monodisperse latexes above 1 um by the seeding method was previous-
ly described as a "knife-edge" operation. In seeded systems where the
free emulsifier concentration was known to be well below the CMC,
nucleation was, nevertheless, found to occur. The mechanism by which
this occurs is popularly thought to be that of homogeneous nucleation
[47]. Theoretical and experimental studies of particle nucleation in
seeded and unseeded systems, with and without emulsifier, were des-
cribed in a series of papers [48,49,50,51]. A mathematical relation-
ship was developed for the number of nucleated particles, N, as a
function of the initiation rate, Ri' the stability ratio between pri-
mary particles and seed particles, wlS' and the number NP, and size,

rp, of the seed particles:
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where kp is the propagation rate constant, Mw, the aqueous phase con-
centration of monomer, r, the radius of primary particles, Dw, the
diffusivity of oligomers in water, E, Boltzmann's constant, T, temper-
ature, and FS' the absorption efficiency of radicals by sged particles.
The particle numer, N, at high seed concentrations should therefore be
proportional to (Nprp)—z. In a seed sequence in which the swelling
ratio and the solids content are held constant, the number of seed
particles is proportional to d-3 and therefore, N is proportional to
d4. N, Np’ the total particle surface area, and an average surface-
to-surface distance between seed particles are shown in Figure 3.7 as
a function of final particle diameter in a seed sequence. This serves
to qualitatively illustrate the difficulty of maintaining a monodis-
perse latex in a seed sequence, without nucleating a significant
amount of new particles. A number of steps can be taken to accomplish
this, such as use of a low amount of initiator to reduce Ri' a low

amount of emulsifier to lower W and an increased solids content

1s’
to raise Np. This does not, however, say anything about the coagu-
lation of seed particles which can be equally destructive in terms of

monodispersity. W the stability ratio between seed particles must

ss’
be high enough to maintain stability. This is primarily controlled
by the nature and amount of stabilizer present on the surface of the
particles. In general, if all conditions are the same, this stability

ratio increases with increasing particle size. However, this does

not account for the increased collision energy due to the increased
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mass of the particles moving at a given speed under identical mixing
conditions.

A constant surface coverage of the particles approximates a con-
stant surface charge density (surface potential) and ensures a con-
stant aqueous phase concentration of emulsifier. It does not secure
protection against nucleation or coagulation in a seeding sequence to
large particle size unless otaer factors are equally controlled such
as the ionic strength and shear conditions. A qgualitative picture of
factors influenéing the successful preparation of monodisperse latexes
through successive seeding is presented in Figure 3.8. Regions of
success (monodisperse) and failure (new crop and coagulum) are de-
picted, illustrating the ‘'knife-edge' phenomenon in the 1l-2 um par-
ticle size region. A significant new crop of particles occurs with
excessive levels of surfactant, [S], and initiator [I], or too low a
concentration of seed particles, [Np], and eleétrolyte [E]. The re-
verse is true for coagulum formation which is also brought about by —
increased shear. The shape and magnitude of the slopes of these
curves is uncertain but the general trends are shown. The development
of a successive seeding formulation for preparing monodisperse latexes
is largely dependent on the nature of these functions.

3.4.1 Series C X-¥

This series of seeded polymerization experiments was designed to
test the emulsifier limits of coagulation and new crop phenomena. The
emulsifier chosen for these studies was Aerosol-MA (American Cyanamid
Co.). This emulsifier had been previously shown to give good results

in seeded polymerizations of monodisperse latexes up to 0.95 um. It -
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has also been termed a "forgiving" surfactant [52], implying that it
can be used successfully over a wider concentration range as compared
to other surfactants. Aerosol-MA is very soluble both in water and
sytrene and has a CMC around 0.6~ 0.7% [53]. It is available as an
80% active solution with 15% water and 5% isopropanol. This was used
without further purification in these experiments.

In this series of experiments the emulsifier concentration was
determined by the amount needed to achieve fractional surface cover-
ages of 0.1, 0.2, 0.3, 0.4, and 0.5 based on the final particle size
in each step. The equilibrium of surfactant between the aqueous phase
and the particle surfaces was assumed to be that of the adsorption
isotherm determined by Ahmed [54]. This isotherm was determined on
a 0.19 um PS latex {(Dow Lot LS1102-A) which had been cleaned by the
ion exchange method. A Langmuir type isotherm was determined with
constants as and b equal to 39 22 and 3.7 x 102 liters/mole, reséec—
tively, where as is the molecular area of an Aerosol-MA molecule at
saturation and b is the ratio of rate constants of adsorption and de-
sorption.

For each emulsifier level, a six step sequence was planned in which
particles were grown from an initial seed size of 0.19 um to 1.71 um:

0.19 um-l* 0.27 um-g+ 0.40 um 3 0.57 um é*»0.82 fial
= 1.19 um-é» 1.71 um
An optional seventh step to grow particles to 2.5 um was also consid-
ered a possibility depending on the success of the previous steps.
The final solids content was fixed at 30% with monomer/polymer swell-

ing ratios of 2/1. The initiator and buffer concentrations were held
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at 0.027% by weight based on the aqueous phase ([KZSZOB]O = 1 mM).

The initial seed was cleaned by the ion exchange methed and con-
centrated using a serum replacement cell (described by Ahmed [541).
The monomer was washed and distilled as described previously. The
initiator, K2S208’ was recrystallized once from distilled-deionized
water, dried, and stored under N2 at -lSOC. Reagent grade NaHCO3 was
used without further purification.

Swelling was accomplished in 1 oz. bottles by rotation along a
tilted axis (~45°) at room temperature (éS-BOOC) for about 24 hours.
Initiator and buffer were added afterwards and the polymerizations
were carried out with end-over-end tumbling (36 rpm) at 70°C for an-
other 24 hours. The products were characterized in terms of their
surface tension (Wilhelmy plate method), solids content, and apparent
monodispersity (i.e., gqualitative examination via scanning electron
microscopy) .

A sequence producing all monodisperse latexes was not found in
this series of experiments. A new generation of small particles was
evident in all samples after the third seeding step. Complete coagu-
lation was found only in the sixth step of the sequence with the least
emulsifier (10% coverage, C6-1). This, however, was not considered a
lower limit for the emulsifier since the presence of nucleated par-
ticles causes a redistribution of the emulsifier, thereby lowering
the actual surface coverage.

The surface tension data were used to determine the aqueous phase

concentration of emulsifier in the latexes after polymerization via

a calibration curve. The results are given in Figure 3.9 by the open
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points. Solid horizontal lines are drawn at the concentrations rep-
resenting 0.1, 0.2, 0.3, 0.4, and 0.5 fractional surface coverage
which represent the specifications for this series of experiments.
There was no agreement between the measured and planned concentra-
tions. It was suggested that the presence of electrolyte in the form
of the initiator and buffer may have affected the adsorption behavior
of the emulsifier. Using the data obtained in the initial seeding
steps (in which nucleation was not evident), an adsorption isotherm
was constructed for the system. A linear Langmuir plot of the data
is given in Figure 3.10 along with the previously assumed isotherm.

This function is described by

1/n = (1/N) + (l/CANb) (3.2)

where n is the number of surfactant molecules adsorbed per unit area,
N is the value of n at saturation (as= 1/N), and CA is the aqueous
phase concentration of the emulsifier. The value of as,determined from
the intercept,was 53.8 Aoghmlecule,with b==l.12x103 liter/mole, as
determined from the slope and intercept. These differ somewhat from
the original findings of 39 Xz/molecule and 3.7)(102 liters/mole. The
magnitude of these differences are not uncommon when comparisons are
made between various methods and sources of information. The same
research effort produced alternate values for as and b of 45 22 and
3.9){104 1/mole, determined by a variation in the serum replacement
method [54]. In other studies using sodium lauryl sulfate, values
were reported for aS over a range from 42 82 [54] to 65 22 [55]

while b ranged from 6.34 x lO2 [56] to 8.0 x lO3 [57] liter/mole.
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Dashed Line from Serum Replacement [54]
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Methods used include serum replacement {54], surface tension [56], and
conductometric titration [55]. Such differences have generally re-
mained unexplained.

The revised adsorption isotherm was used to recompute the surface
coverages of the first step of each sequence in the CX-Y series. These
were found to be 0.33, 0.47, 0.58, 0.71, and 0.80 corresponding to
the original 0.1, 0.2, 0.3, 0.4 and 0.5, respectively, obviously much
higher than expected. A second series of experiments was planned
based on the information gained in the CX-Y studies.

3.4.2 Series SD X-Y

Six additional sequences were planned by which the first four re-
cipes would have surface coverages of 0.08, 0.13, 0.18, and 0.23 ac-
cording to the revised isotherm with K23208 initiator and NaHCO3 buf-
fer at the same concentrations as used previously. The remaining two
series would have coverages of.0.23 and 0.33 but initiation would be
accomplished using the oil soluble initiator AIBN (azobisisobutyro- -
nitrile) (10.0 mM on monomer) in conjunction with the aqueous phase

inhibitor, NaNO,. (0.1 wt % on the aqueous phase). Generally, oil

2
phase initiation is used in bulk, solution, and suspension polymeri-
zation. The inhibitor NaNO2 was previously found to be successful in
preventing "emulsion polymerization" from occurring in a dispersion
polymerization of styrene [58] and therefore, appeared to be a good
candidate for the inhibition of nucleation in seeded emulsion polyeri-
zations.

The final solids and swelling ratios were kept constant as in the

previous series, being 30% and 2/1, respectively. 1Initially, the
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procedure for swelling was the same as used previously for the

K25208/NaHCO3 cases while in the AIBN/NaNO2 cases all ingredients

were added prior to swelling. After 24 hr., however, the swelling
was found to be incomplete in the KZSZOS/NaHCO3 cases and that a vis-

cous layer had formed in the AIBN/NaNO2 cases. The procedures were
subsequently modified by adding the buffer (NaHCO3) prior to swelling
(to increase the adsorption of the emulsifier, thereby lowering the
particle-wéter interfacial tension) while the AIBN plus 5% of the
styrene monomer was withheld until 5 hrs. ‘prior to the start of the
polymerization. These changes substantially reduced the extent of
the problems described above. The polymerizations were once again
carried out for 24 hrs. in a bottle tumbler, however, in these exper-
iments the bottles were oriented so that rotation was around the bot-
tle axis. This was done to provide gentler mixing thereby reducing
the possibility of shear induced flocculation. The products were
characterized as before.

'Only four of the six sequences were carried out as far as the 6th
seeding step. The two containing the least amount of emulsifier floc-
culated, one in the first step (0.13 fractional coverage) and the
other in the second step (0.08 fractional coverage). This floccula-
tion was complete in each case, the product having the consistency of
whipped cream. There was no separate aqueous phase visible. The
mechanism of this flocculation was not clear. SEM examination re-
vealed that the particles had retained their identity (i.e., did not

coalesce), indicating that the flocculation had occurred at high con-

version.
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The two remaining sequences, employing aqueous phase initiation,
each resulted in significant quantities of new particles formed by the
sixth step. It was not determined at which step the most significant
generation of new particles occurred. It was likely that this had
taken place much earlier than the sixth step.

The two sequences using the AIBN/NaNO2 combination resulted in
the generation of few small particles, the original particle popula-
tion maintaining a narrow distribution. Scanning electron micrographs
of the products of the sixth step in the two series are given in Fig-
ure 3.11. It was noted that the polymerizations in some cases were
not complete after 24 hours, as evidenced by a residual monomer odor
and film formation of the dried products.

Once again the surface tension was monitored for the product of
each step to check on the consistency of the aqueous phase emulsifier
concentration. The results, given in Figure 3.9 by the.solid points,
are compared to the fractional coverage specified for each series.
There was some deviation or scatter of the experimental results but
this seemed reasonable in light of the previous findings.

There were several observations made during the course of these
experiments which seem worthy of mention. The sixth step of the two

surviving K sequences resulted in complete flocculation. Upon

S.0
228
sonification these systems became fluid latexes. The mechanism of
this flocculation does not seem to be shear related since shear could
destroy the structure of the flocculant. A bridging mechanism was

subsequently suggested for this phenomenon. The presence of addition-

al small particles could have also played a role. 1In contrast, the
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Figure 3.11 Scanning Electron Micrographs of PS Latexes Produced in the Sixth
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AIBN initiated samples were fluid when removed from the polymerization
bath (sixth step). However, when attempts were made to redisperse the
particles after sedimentation the particles flocculated irreversibly
(i.e., could not be redispersed by sonification). This was obviously
due to shear effects.

3.4.3 Recommendations

The CX-Y and SDX-Y series revealed that fractional surface cover-
ages as low as 0.18 could not produce monodisperse latexes free of
newly generated particles in a six-step successive buildup from 0.19

um to 1.71 um using K initiator. Flocculation was found to occur

25208
at a coverage of 0.13 in the first seeding step after 24 hrs. rotation
at 70°%. oil phase initiation (AIBN) with aqueous phase inhibition
(NaNOz) proved more successful in achieving monodisperse products
without flocculation and few newly generated particles. Based on
these results the following recommendations were made: 1) to perform
successive seeding experiments in the LUMLR dilatometer at low frac-
tional surface coverages (<0.08) with K25208 initiator to take advan-
tage of the controlled low shear rate and relatively good mixing;

2) to further develop successive seeding systems using oil phase init-
jation and aqueous phase inhibition, likewise making use of the LUMLR

to obtain polymerization kinetics.

3.5 Successive Seeding in the LUMLR

Sequentially seeded emulsion polymerizations of monodisperse la-
texes were performed in the LUMLR prototype for a number of reasons:
1) to obtain the kinetics of polymerization of monodisperse latexes

as a function of particle size and other recipe parameters and to use
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this information in determining to what extent the kinetics proceeds
into the transition region between emulsion and bulk kinetics; 2) to
take advantage of the low shear environment for preparing latexes
which would flocculate under normal polymerization conditions; 3) to
prepare for the microgravity investigations in similar dilatometers
by, first, establishing sound experimental techniques and, second,
determining the polymerization kinetics for particles prepared under
similar conditions leading up to the microgravity experiments. An
experimental approach was described in the preceding section (3.4)
and consequently was adopted for the successive seeding described
here. A detailed description is first given of the experimental
methods and data conversion computations, followed by the experimental
results for successive seedings performed under various recipe condi-
tions. Kinetic analysis and comparisons are discussed.

3.5.1 Experimental Procedures

Recipe prepration, reactor loading, polymerization, decanting,
and product characterization are described here. Some of these pro-
cedures were described previously with less detail.

3.5.1.1 Recipe Preparation

3.5.1.1.1 Materials
The seed used in the first step of each sequence, SSMLR 4 through
13, was the monodisperse 0.19 um PS (Dow LS 1102A) latex. This was
diluted to about 5% solids and subjected to five ion exchange cycles
with mixed bed (Dowex 1/50W) resin to remove the unknown emulsifier
and electrolyte, as described previously. The clean latex was con-

centrated to 17 - 20% using a filtration method.
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The second seeding step used the product of the first as seed
without any further purification except for filtration through glass
wool to remove any coagulum. This was subsequently done for all suc-
ceeding steps.

The styrene monomer was washed to remove inhibitors, as described
previously. The monomer was double distilled on all glass apparatus
equipped with Teflon sleeves at 20 mm Hg and 40 - 45°C under a N2 blan-
ket (ultra-high purity, Linde Div., Union Carbide). First distilla-
tions were preformed just prior to the start of a sequence while sec-
ond distillations were done within 48 hrs.of recipe preparations. The
monomer was stored at -15°C before use. The water was distilled and
deionized (DDI). Aerosol-MA 80 (American Cyanamid Co.) was used with-
out further purification. Table 3-2 lists the initiators, buffers,
and inhibitors used in these studies along with the manufacturers and

any purifications treatments. The initiators were stored under N2 at

-15°c.
Table 3-2
Initiators, Buffers, Inhibitors
Chemical Manufacturer Purity
K25208 Fisher Scientific Co. recrys. f£/DDI water
AIBN (azobisisobutyro- VAZO 64 Dupont Co. recrys. f£/toluene
nitrile)
AMBN (azobis-(2-methyl- VAZO 67 Dupont Co. recrys. f/isopro-
butyronitrile)) panol
NaHCO3 Fisher Scientific Co. certified A.C.S.
NaNO2 Fisher Scientific Co. recrys. £/DDI water
NH4SCN J.T. Baker Chem. Co. recrys. f£/DDI water
HQ (hydroquinone) Fisher Scientific Co. "purified"”
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3.5.1.1.2 Swelling of Seed Latexes

200 grams of each recipe was prepared for loading the LUMLR.
Specified amounts of emulsifier (aqueous Aerosol-MA solution), DDI
water, latex seed, monomer, and buffer or inhibitor were weighed into
a 12 oz. bottle. Swelling was accomplished at room temperature by
rotation of the bottle at 40 rpm with its axis oriented 30 - 45° from
the horizontal. Complete swelling was attained by mixing for a 20 +3
hrs. period. 1In those recipes employing oil soluble initiators, the
initiator was diséolved in 5 grams of monomer and added to the latex
midway in the swelling cycle (SSMLR 6 - 13). 1In the case of persul-

fate initiation, the K S_O_ was dissolved in 10 gm DDI water and mixed

27278
with the swollen latex immediately before loading the reactor (SSMLR
4 and 5).

3.5.1.2 Reactor Loading

The low pressure/gravity loading technique Qas originally devel-
oped to reduce the problems associated with the interpretation of
fluid expansion data (during reactor heatup) induced by the pPresence
of an air bubble in the reactor (see Section 2.4.3.2.1). This tech-
nique was also employed for the loading of polymerization recipes to
aid in interpreting the resulting kinetic data.

The swollen latex was first filtered through pyrex glass wool
(Owens-Corning Fiberglas Corp.) into a 500 ml round bottom flask to
remove any viscous material which may have formed during the swelling.
The latex was then degassed at at pressure of ~20 mm Hg via an aspir-
ator for a period of 30 -45 min. or until the degassing (bubble forma-

tion) had apparently ceased. The system was restored to atmospheric

132



pressure for the time it took to assemble the loading apparatus (see
Figure 2.29). A 35-45 mm Hg pressure was then applied to the entire
system (reactor, fill flask, overflow flask, and tubing). The fill
valve was opened allowing latex to flow into the reactor (via a
pressure head) at a rate of approximately 10 ml/min. This continued
until the reactor was full and the flow into the overflow flask was
free of any bubbles. With the fill valve closed, the piston was
lowered until fluid was no longer discharged from the exit port and
the piston came to a stop. The vacuum to the overflow flask was cut,
no longer being needed, and the fill valve was opened allowing fluid
to be pushed back into the fill flask, thereby lowering the piston to
the pre-set 100 cm3 position. The fill valve was then closed, and
disconnected from the reactor (via the Quick Disconnect), the aspir-
ator turned off, and the overflow flask removed. The ports were
cleaned and the insulation and housing assembled.

3.5.1.3 Polymerization/Data Collection

“once loaded, the reactor was connected to the MLR Controller
and the power switched on. The piston position, as determined by the
LVDT reading, was recorded prior to and after releasing the piston
(i.e., allowing the spring to act on the piston and thus the fluid).
If the piston drop was greater than 0.15 LVDT volts, the loading was
considered to be unsatisfactory and the filling procedure was re-
peated until an adequate response was obtained. The piston position
was then monitored for any change for a period of ca. 1/2 hr. after
which the agitator was switched on, provided there was no evidence of

any fluid leakage. The Stir Speed setting used in all of these exper-
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iments was 0OSC 6.0, corresponding to 14 rpm and 79° arc (see Section
2.4.2.1). The stirrer paddle used was the modified MLR Blade design
(Teflon). The piston position was followed for another 1/2 hr. per-
iod, again as a leakage check.

At time zero, a set of sensor readings were recorded including
the fluid and wall temperatures, the LVDT voltage, and the gauge
reading (set atop the reactor housing cover for monitoring cylinder
expansion, Section 2.4.3.2.1). The experiment was begun by applying
voltage across the heating wire (70°C switéh on Controller). Data
were recorded at one minute intervals for the first 25 minutes and
then every 5 minutes. If the reaction became relatively rapid
(A (LVDT) /5 minutes > 0.1 volt) data were taken every 2 minutes until
the reaction rate slowed once again. A polymerization was judged to
be complete if nb'change in the LVDT reading occurred over a 20 minute
interval. At this time, the power was switched off.

3.5.1.4 Decanting of Product

The latex was removed from the reactor as soon as possible fol-
lowing termination of the experiment. The housing cover and insula-
tion were first removed and the piston position fixed (via the nut on
the support bolt). The fill port quick connect was removed and the
port was cleaned out so that the small amount of latex (partially
polymerized) in this region would not contaminate the product. The
piston was then cranked up and pulled from the reactor. The latex
was decanted and filtered through glass wool into a flask, sealed
with parafilm and immediately cooled in cold running water. The time

was recorded for this event for later use in computing the residual
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initiator concentration in the latex. The reactor was cleaned thor-
oughly and readied for the next polymerization.

3.5.1.5 Characterization

Product latexes were characterized in terms of their final solids
content (gravimetrically), surface tension (Wilhelmy plate), residual
monomer content (iso-octane extraction), monodisperse quality (scanning
electron microscopy), and polymer molecular weight (gel permeatiocn
chromatography) . In addition, the latexes produced in the persulfate
initiated sequences (SSMLR 4 and 5) were characterized in terms of their
pH and particle surface charge density (ion exchange and conductometric
titration). Some of these methods were described previously while
others require no further description. The determination of residual
monomer (as well as the initial monomer content in the swollen latex)
is described here in some detail, however.

Iso-octane extractions of the styrene in the swollen and product
latexes were performed to determine the initial and final “conversions'
from the monomer contents [44fl Approximately 0.2 grams of swollen
latex (0.5 gms product latex) was added to 20 gms of iso-octane (Puri-
fied Grade, Fisher Scientific Co.) in a 1 oz. bottle and tumbled end-
over-end for 24 hrs. A quéntity of about 0.1 gms (0.6 gms from product
latex extraction) of the iso-octane phase was diluted by another 20
gms of iso-octane resulting in styrene concentrations around 10—5 gms
styrene/gm iso-octane. This solution was then pumped through the sam-
ple cell of a UV Absorbance Monitor (Model 1840 - Instrumentation Spec-
jalties Co.) set at 245 nm and the absorbance recorded. The calibra-

tion curve in Figure 3.12 was used to determine the actual styrene con-
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tent in the solution. The amount of styrene in the latexes was back-
calculated through the dilution data. The amount of styrene deter-
mined to be in the swollen latex was used to compute the recipe which
was substituted into the kinetic interpretation program. The amount

in the product was used to determine the fractional conversion for com-
parison to that obtained via the dilatometric data.

A Waters Associates Model ALC/GPC 201 liquid chromatography unit
with u-Styragel columns was used for determining the molecular weight
distributions of the polymer produced in the successive seeding experi-
ments. Samples of 0.5 wt % solids in tetrahydrofuran (THF) were pre-
pared, filtered, and injected into the columns with a solvent (THF)
flow rate at 2 ml/min. The resulting chromatogram was interpreted
through use of a calibration curve with corrections made for spreading.
Details are given in Appendix B.

3.5.2 1Interpretation of Raw Data - Conversion

The conversion history for a polymerization in the LUMLR was ob-
tained through interpretation of the LVDT, fluid tempegéture, gage,
and recipe data collected during the experiment. Basically, the con-
version was determined from the volume change due to polymerization
zeroing out the effects éf changing temperature. .The following se-
quence of computations was made (via a computer program) to obtain
conversion:

1. The recipe, in terms of weight fraction (W), polystyrene
(pPS), styrene (S), water (HZO)' initiator (WFINIT), buffer or inhib-
itor (BUF), and emulsifier (EMUL) was computed from the known amounts

of ingredients added to the latex, the seed and its constituents, and
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the results of the iso-octane extraction/UV analysis on the swollen
latex (S);

2. the total grams of fluid in the reactor (GT) was calculated
from the known volume of the reactor (VR), the recipes' three major
components (PS, S, HZO)’ and the density of each component at the time
zero fluid temperature. Assuming additive densities of styrene and

polystyrene (see Section 2.4.3.2.2):

2
G, = VR/[(WS+WPS) /(Wsp

- +W_.p )-+Wh20/pH2o] (3.3)

S PS"PS

The volumes of the aqueous and oil phases are considered additive in all
computations;

3. the grams of each component (GPS, GS' GH O) were calculated

2
from the weight fractions and total grams;

4. for each data point, a volume (VT i) was computed based on

’

the fluid temperature and the original recipe:

ps,i’ +GH20/°H20,i (3.4)

2
v o, o= (GP +Gs) /(Gso p

.+ G
T,i i

S s, PS

and DPS ; were calculated using eguations 2.3 and 2.4, res-
r

pectively (Section 2.4.3.2.2). pH o, Was obtained from a polynomial
2Y,

s, 1

fit of temperature-density data for water;

5. also for each data point, the actual volume (VL

S -
VDT) was com

puted from the LVDT voltage, compensation for cylinder expansion being
made by either the gage data or the approximation via the fluid temper-

ature:

. = Ah.A, + -5
VLVDT,l AhlAl vR (3.5)

. . 2
where A is the cross-sectional area (cm™),
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2
9
Ai = n[rcyl(l4-a(5)ATF'i} (3.5a)

where o, the coefficient of thermal expansion for stainless steel (type
302) = 1.728 x lO—5 cm/cm OK, ATF = difference between the current and
time-zero fluid temperature (OC), rcyl = radius of the cylinder at room
temperature (2.05 cm). &4h is the change in piston position,

Ahi = (vl- vi)/KLVDT + Ali (3.5b)

where vy and v, are the time zero and current LVDT voltages, KLVDT is
the conversion factor, 14.7868 volts/cm and Ali is the expansion dimen-

sion of the cylinder as measured by the dial indicator atop the housing

cover or as estimated from the fluid temperature,

9
ML, =1_al® AT, . (3.5¢)

where 1c is the cylinder length, 18.669 cm.
6. the difference in volumes, AV, was finally used to compute

the change in the amount of styrene in the reactor,

-1 -2.~1
= . - + - + - .
Gs,i {[(GSQS,i+GPSpPS,1) Avi(Gps GS) ) (Gpg GS)pPS,l}/(pS,l pPS,l)
(3.6)
h , =V, - .7
where Avl 7,1 VLVDT,l
7. the fractional conversion was thus obtained:
X. = (G, - G ) /G . (3.7)

i S s,1i S
Equivalent expressions derived assuming monomer/polymer additive
volumes were also used in the earlier studies for comparison. (See
Appendix C.) However, results obtained assuming additive densities
proved more consistent (see Section 2.4.3.2.2) and therefore were used

in the interpretation of the data presented here.
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3.5.3 Persulfate Initiated Sequences

Two sets of successive seeding experiments were conducted using
potassium persulfate initiator with sodium bicarbonate buffer. The
first (SSMLR 4) used 1 mM K28208 (added based on the agueous phase)
with a particle surface coverage of 8% by the emulsifier, Aerosol-MA.
The second (SSMLR 5) employed halved quantities of each of these (0.5
mM K2S208 and 4% coverage) to reduce the number of nucleated particles

in the series.

3.5.3.1 SSMLR 4 - 8% Coverage/1 mM K25208

The experimental design for SSMLR 4 was as follows:
1) monomer/polymer swelling ratio = 2/1
2) final solids content = 30%
3) emulsifier concentration 'constant' in terms of
a) fractional surface coverage = 0.08
b) aqueous phase content = 7.76 x IO-SM
4) added amount of initiator constant = 1 mM (aqueous phase)
5) added amount of buffer constant = 3.2 mM (aqueous phase) (i.e.
equal amounts by weight of initiator and buffer)
The step-by-step particle sizes were by design:
0.19 um l+ 0.27 um g+ 0.40 um §+ 0.57 um é+ 0.82 pm
§+ 1.19 um 9* 1.71 um Z+ 2.47 um
Most of the experimental recipe 'constants', varied somewhat due to
the sequence design in which the product latexes were used as seed
without any purification between steps. A balance was made on the

emulsifier to maintain it at the design level but the initiator and

buffer were added in the same quantities each time. Based on the
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decomposition rate, the amount of initiator left in the product latexes
was estimated from the polymerization time (until quenching under cold
running water) and temperature (69OC). This was used to compute the
actual amount in each step prior to polymerization. The amount of buf-
fer was simply computed by a mass balance assuming that it was un-
changed throughout the experiments. The swelling ratios were estimated
from the iso-octane extraction results of the swollen latex assuming no
loss of polYmer during swelling; These results are presented in Table
3-3. Monomer/polymer ratios varied on both the low and high side of
the 2/1 design. These were attributed to both incomplete swelling due
to the formation of a Qiscous bhase on top of the swollen latex (poly-
mer particles dissolved in a monomer layer) and carry-over of monomer
from the previous step due to conversions under 100%, respectively.
Table 3-3

Recipe 'Constants' for SSMLR 4

SSMLR4 M/P % Solids Y(N/cm)xlO5 [Kzszoulo [NaHCO3]0

(mM) (mM)
1 1.82 28.2 74.5 1.00 3.23
2 2.06 28.5 73.2 1.21 4.38
3 2.06 28.4 72.8 1.25 4.76
4 2.06 28.3 73.2 1.26 4.91
5 1.91 27.8 71.4 . 1.25 4.96
6 2.00 26.9 70.8 1.26 4.98
7 1.90 26.7 69.7 1.26 5.08

These effects were also reflected in the final solids contents and
somewhat in the latex products and surface tension values. All solids

contents were below 30% and decreased significantly in the last three
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steps. The surface tension also decreased in these three steps due to
a decrease in the particle surface area available for adsorption. The
initial persulfate concentration increased by 21% from step one to step
two and only 3% from two to three, remaining constant thereafter. The
buffer level increased from step to step (35% from 1 to 2, 9% from 2
to 3, 3% from 3 to 4, etc.) with decreasing difference. The effect of
this increase in the electrolyte level on the particle stability was
considered small in light of the polymerization results.

All of the latexes produced in this series were stable when decanted
from the reactor (i.e., fluid with no massive coagulation). However,
the products of bottie polymerizations which were run at 70°c for 24
hrs. using the left-over swollen latexes were completely flocculated
(Recipes 1, 2 and 3). These bottles were tumbled. end-over-end, sub-
jecting the latexes to a shear apparently greater than experienced in’
the LUMLR. Also, the 24 hr polymerization time was considerably great-
er than the ~7 hr. experiments in the pPrototype. The fourth recipe was
removed from the bottle polymerizer after 9 hrs. as compared to a 7
hr. 20 min. period in the LUMLR. The latex was again flocculated.
However, the bottle with the fifth seed recipe was removed after the
same time as the dilatometric run and the latex was stable, although
the last two steps (6 and 7) each resulted in complete flocculation
after parallel polymerization times. These results lend support to
the previous observation that this flocculation is not only shear
related but perhaps more importantly that it is a phenomenon which oc-
curs quite late in a polymerization (>95% conversion) (see Section 3.4).

The quality of the latexes polymerized in the LUMLR, in terms of
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uniformity (i.e., without small or large off-size particles), is illus-
trated by the scanning electron micrographs of Figure 3.13. The first
step was free of small or large particle generation while the next
three steps showed some evidence of relatively few small particles with
no off-size larger particles. Steps 5, 6, and 7 resulted in increasing-
ly larger amounts of small particles but without larger off-size par-
ticles. These results indicated that a further reduction in the emul-
sifier concentration (and initiator concentration) was still necessary
if monodisperse latexes were to be prepared above 1 um in size using
aqueous phase initiation. Kinetic and characterization results will be
presented for only the first four steps of this sequence in light of
these findings.

The combined conversion histories for steps 1 through 4 are pre-
sented in Figure 3.14. The results are given as solid lines instead
of discreet points because the data points lie within five minutes (or
less) of each other. (See Figure 2.36 for an example of the fluid and
wall temperature profiles, conversion and polymerization rate data
given as discreet points for SSMLR 4-1.) The conversion is represented
in grams polystyrene formed since actual fractional conversion scales
vary due to the slightly different swelling ratios.

Within the four-step seed sequence the polymerization time in-
creased with increasing particle size. This was due to the decreasing
initial polymerization rates rather than the rates being lower through-
out each successive reaction. Note that the influence of the gel ef-
fect was present throughout the entirety of each polymerization and

that the polymerization rates were nearly the same at high conversion
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(210 gms polystyrene). Qualitatively, the decreasing rates were at-
tributed primarily to the decreasing number of particles (Np) in the
system with increasing particle size (i.e., for a fixed solids content
Npad_3). However, the differences in the rates between each succeeding
step became smaller despite a 66% decrease in the number of particles
15 14
for each step. (Step 1 = 2.65 x 107", Step 2 = 8.85 x 107", Step 3 =
14 13 . .

2.95 x 107", Step 4 = 9.8 x 10°~ particles in the reactor volume) .
This effect is related to the transition of kinetics from emulsion to-
wards bulk kinetics as described in more detail further on.

The characterization results from the iso-octane extractions,
conductometric titrations, and GPC chromatograms are given in Table 3.4.

~Table 3-4

Conversion, Surface Charge, and Average Molecular Weight of SSMLR 4

Latexes
% Conversionl Surface Charge Molecular Weight
On On 5 - -5 _ -6
SSMLR 4 Monomer Polymer veq/gm uC/cm MnxlO walO
0.19 um -
seed -- - 3.08 .99 2.5 1.4
1 96.0 97.4 1.75 .81 2.9 1.6
2 94.6 96.4 1.32 .88 3.5 1.5
3 . 93.5 .95.6 0.91 .88 3.7 1.5
4 94.6 96.4 0.89 1.23 3.2 1.4

lfrom iso~ogtane extraction/UVv analysis

Limiting conversions below 100% were found for all polymerizations
due to the reduced diffusivity of monomer molecules in the glassy
polymer matrix. The surface charge decreased in terms of microegquiv-

alents per gram of polymer and increased only slightly in terms of
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microcoulombs/cm2 (i.e., surface charge density). These results are
consistent with those reported previously {Section 3.3.2) except that
only strong acid groups (sulfate) were found in these polymerizations
as compared to both weak and strong acid groups. From this information
it was possible to speculate about the efficiency of adsorption of
growing free radical chains with sulfate end groups (comparable to
the initiator efficiency factor, f). 1In order to do this, a number
of assumptions were made: 1) all adsorbed groups were detectable as
sulfate groups; 2) all groups present on the initial seed were still
present on the particle surface (i.e., no buried groups); 3) the
initiator decomposition rate and initial initiator concentration were

accurate. The rate constant for decomposition is given by

kd = kdo exp (—Ead/RT) (3.8)

where kdo = 5.188 x 1016 sec-1 and Ead(activation energy) = 33.5
kcal/gram-mole for persulfate ([82]. R is the universal gas constant,
and T the absolute temperature (OK). The efficiency was computed by
dividing the amount of surface groups expected assuming a 100% effi-
ciency over the polymerization time (until quenching) into the amount
actually found from the conductometric titration results. This effi-
ciency was found to decrease from 0.59 to 0.45 to 0.32 to 0.31 for
steps 1, 2, 3, and 4, respectively. These results have a number of
implications which will be discussed in the following section.

The molecular weight distributions were relatively broad with
high weight average molecular weights characteristic of emulsion

polymerization. These decreased slightly with increasing particle

size. The increased radical entry rate per particle (i.e., decreasing
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particle number) can explain this even keeping in mind a reduced ini-
ator adsorption efficiency.

3.5.3.2 SSMLR 5 - 4% Coverage/0.5 mM KZSZOB

In order to improve on the monodisperse quality of the latexes
produced via successive seeding the secondary generation of particles
had to be reduced. The obvious directions for accomplishing this in-
cluded reductions in the initiator and aqueous phase emulsifier con-
centrations and an increase in the particle number or solids content.
For SSMLR 5 the latter remained unchanged while both the initiator
and fractional surface coverages were halved to 0.5 mM and 0.04, re-
spectively. The aqueous phase concentration was consequently reduced
by 52% from 0.078 mM to 0.0372 mM by halving the surface coverage.-f~
The amount of buffer added was also halved (equal wt. fractions of
initiator and buffer). The recipe 'constants' for SSMLR 5, given in
Table 3-5, were determined as described previously. A relatively low

Table 3-5

Recipe 'Constants' for SSMLR 5

SSMLR 5 M/P % Solids* Y(N/cm)*xlo5 pH* [K25208]O [NaHCO3]0
{mM) {mM)
1 1.87 25.7 74.2 6.9 0.50 1.62
2 2.06 28.2 73.9 7.3 0.62 2.25
3 1.99 27.5 74.6 7.2 0.62 2.42
4 2.06 28.1 - 73.9 7.3 0.62 2.50
6 2.10 28.0 74.4 7.3 0.60 2.49
7 2.11 28.2 S - 0.60 2.51

*measured after polymerization

+sample flocculated

+The CMC of Aerosol-MA is in the range of 15 - 18 mM.
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swelling ratio together with a low solids content were indicative of
the greater difficulty in swelling encountered with the lower emulsi-
fier concentration in the first step of the sequence. The swollen
latex contained a viscous monomer/polymer layer, the primary contrib-
utor to these losses. Subsequent swellings did not exhibit any signif-
icant loss of monomer or polymer, this being attributed to a lowered
resistance to swelling due to the presence of residual monomer in the
particles from the previous polymerization step. As in SSMLR 4, all
solids contents were below 30%, remaining relatively constant around
28%. The surface tension of the latexes was also relatively constant
in this series, indicating a nearly constant emulsifier level. (At
such a low concentration of emulsifier the effect of the presence of
particles resulted in surface tensions above that of water alone.)
The pH of the final latexes was also monitored to confirm neutrality.
Once again the initial initiator concentration was computed to remain
constant after the first seeding step (0.6 mM).

All but the last step in this sequence produced stable latexes.
SSMLR 5-7 was run for 12.75 hr, even though the reaction was essen-—
tially complete after 8 hrs, in order to monitor residual monomer con-
version. The experiment was stopped when it was noted that the fluid
temperature was dropping appreciably, a phenomenon which had not been
observed previously. A completely flocculated latex ('shaving cream')
was found upon opening the reactor. It was believed that the temper-
ature drop was a direct outcome of the flocculation and the resulting
poor mixing. In this way the precise moment of flocculation could be

determined. This is yet another piece of evidence supporting the idea
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of flocculation at high conversion. Furthermore, the parallel bottle
polymerizations, usually run for the same length of time as the dila-
tometer experiment, was stopped one hour short and the latex was found
to be stable. All of the latexes prepared in the previous steps via
bottle polymerizations were also found to be stable after a duplicate
polymerization time. It should be noted that these bottles were tum-
bled with their axis parallel to the axis of rotation as opposed to
the perpendiculaf as in the previous experiments. This configuration
obviously produced less shear as originally intended.

Scanning electron micrographs of the latexes produced in SSMLR 5
are reproduced in Figure 3.15. The latexes appear to be relatively
free of new particle generation up to the fourth seeding step, while
a few can be seen in the fifth and sixth steps and many in the last
step. Significant numbers of larger off-size particles (~2 - 4% of
the particle population) can also be noted throughout the sequence
leading one to speculate that this is in the vicinity of the lower
limit of emulsifier concentration needed to provide stability for the
individual particles in the system. The improvement in the latex
quality was not as significant as might be expected from the reduction
in the emulsifier and initiator concentration. However, it‘must be
remembered that the ionic strength was also reduced (initiator and
buffer) which would weaken the effect of a lowered eﬁulsifier concen—
tration (i.e., increased stability of nucleated particles).

The polymerization conversion histories for SSMLR 5 are pre-
sented in Figure 3.16. All seven curves are presented, even though

the products of the last three steps are not considered to be strictly
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Figure 3.16 Conversion Histories for Seed Sequence SSMLR 5, steps 1
through 7
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'monodisperse'. As in SSMLR 4, the polymerization times increased
with increasing particle size. However, the polymerizations took
longer to reach high conversion for the case of SSMLR 5, indicating
a dependency on the initiator concentration. The final conversions
based on monomer and determined by both iso-octane extraction and
dilatometry are given in Table 3-6. Agreement within 1% was obtained
with the exception of the last step (3%). The average conversion was
94.9 + .4% (on monomer) indicating that the residual monomer content
was about 0.035 gm monomer/gm polymer or 3.5%.

Table 3-6

Conversion, Surface Charge, and Average Molecular Weight of SSMLR 5

Latexes
% Conversion Surface Charge Molecular Weight
SSMLR 5 Extrac- Dila- veg/gm uC/cm2 r-llnxlo-5 1\_/lwx10-6
tion tometry
1l 95.5 95.3 1.32 0.61 4.0 1.9
2 95.0 94.4 0.85 0.56 3.8 1.7
3 94.6 95.5 0.70 0.67 3.8 1.8
4 94.8 95.9 0.35 0.49 3.7 1.8
5 94.6 95.2 0.34 0.67 4.7 1.8
6 94.6 95.0 0.45 - . .
7 95.5 98.6 0.42 —_— 5.3 1.9

The surface charge, in terms of ueg/gm, decreased with increas-
ing particle size through the first five steps of the sequence. This
was the same behavior as noted in SSMLR 4, with the difference that
lower values were found, this being consistent with the reduction in
the initiator concentration. The combined data from SSMLR 4 and 5

are presented in Figure 3.17, plotting both the charge in terms of
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ueq/gm {(open points) and the surface charge density (uC/cmZ) as func-
tions of the particle diameter. Only the significant surface charge
density data are plotted (i.e., those for the steps in which little or
no particle nucleation was noted). Initiator radical efficiencies
were also estimated for this sequence as outlined in the previous sec-
tion. These are compared with the previous results in Table 3-7.

Table 3-7

Initiator Radical Absorption Efficiencies Estimated from Surface

Charge Data

Efficiency
Sequence Step SSMLR 4 SSMLR 5
1 .59 .68
2 .45 .50
3 .32 .44
4 .31 21
5 - .20

Decreasing efficiencies were computed for each sequence with increas-
ing particle size up to the fourth and fifth steps of SSMIR 4 and 5,
respectively. Greater 'absorption efficiencies' were determined for
the first three seeding steps of SSMLR 5 in which both the initiator
concentration and surface coverage were reduced. Both of these could
conceivably contribute to the increased efficiency. A reduction in
surface coverage by an anionic emulsifier decreases the total charge
present on the particle surface, thus reducing the electrostatic re-
pulsion between a particle and a charged oligomer radical and there-
by increasing the capture efficiency. The absorption rate, pa, is

defined by:
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L= ka[R‘]w (3.9)

where ka is the mass transfer coefficient for free radical absorption
into particles and [R-]W is the concentration of radicals in the ag-
eous phase. The absorption of free radicals has been explained by
both diffusion theory [47,48] and collision theory [46,59]. From

diffusion theory ka is a function of the particle diameter, d:

k =21 D .
a T . Np d (3.10a)

where DW is the diffusivity of a radical in the aqueous phase, while
collision theory states that absorption is proportional to the avail-
able surface area:

k =4n CN d° (3.10b)
a P

where C is a constant. In these successive seeding experiments the
number of particles is proportional to d_3. If this is substituted
into equations 3.10a and 3.10b the rate of absorption becomes propor-
tional to d'-2 for diffusion theory and d_l for collision theory. The
'absorption efficiency' determined from the surface charge data is
considered directly proportional to the absorption rate of free radi-
cals. A log-log plot of the efficiency versus particle diameter using
the data of SSMLR 5 (steps 1 through 5) was fitted with a linear

least squares fit of slope -1.02. This result, therefore, suggests
that the collision theory of radical absorption is applicable under
the conditions of these experiments. The question that remains is
what happens to the free radicals which are not absorbed into the par-

ticles. Aqueous phase termination and transfer reactions are likely

to account for this.
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The weight average molecular weights were not very sensitive to
particle size, however, the effect of initiator concentration was
significant. ﬁw increased by about 20% as a result of halving the
initiator (and emulsifier) concentration. Lower radical entry rates
produced higher molecular weight polymer.

3.5.3.3 Kinetic Analysis

The overall rate of reaction , RP' in a seeded emulsion polym-

erization of monodisperse latex is given by:

R =k [M nN/N 3.11)
o p[]pnp/A (

where kp is the propagation rate constant, [M]p, the concentration of
monomer in the particles, n, the average number of radicals per par-
ticle, Np' the number qf particles, and NA' Avogadro's number. The
successive seeding conversion histories obtained via dilatometry were
used to obtain the rate of polymerization by computing the slope of
the curve at any given point. Two numerical curve fitting techniques
were tested for obtaining polymerization rate information. The first
used n-th order polynomial fits of the conversion-time data (grams
polystyrene) determined by the least squares method. This technique
proved inadequate when applied to the entire conversion curve, result-
ing in poor fits up to the highest order tested (n = 10). However,
improved results were achieved when the fit was applied over the range
of accelerated conversion, prior to the sharp decrease in the polymer-
ization rate. The second technique, a cubic-spline method, was also
applied to the conversion data which had the advantage of being able

to cover the entire curve but the disadvantage of being sensitive to
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any noise in the data. An example of the results obtained using each
of these methods is illustrated in Figure 3.18. The squares represent
the polymerization rate computed from slopes obtained from the cubic
spline method. The solid line represents the results obtained using
a 7th order polynomial fit. The latter generally gives a better fit
over most of the conversion range but is inaccurate after the rate
maximum. Consequently, the cubic spline technique was used routinely
in the interpretation of all the conversion data for these seed se—
quence, being supplemented at times by the polynomial fit method.
With a knowledge of the polymerization rate as a function of
time and conversion and the polymerization recipe, the average number
of growing radicals per particle (n) was computed. In these seeding
experiments Np was determined by the experimental design and likewise
the initial monomer concentration in the particles. Using these and
recomputing [M]p based on the measured conversion, n was determined
at each recorded point on the curve. The propagation rate constant

was calculated from

k =k exp(-E /RT) (3.12)
p po ap

where kpo = 2.2 x lO7 1/mole.sec and Eap (activation energy) = 7400
cal/mole for styrene [60]. These values had been determined directly
from emulsion polymerization experiments. Other values for kpo and
Ea have been reported elsewhere in the literature, with values for
kpo as low as 4.5 x 106 1l/mole.sec [61]. Eap values range from 7.3
to 7.76 kcal/mole [61,62]. These inconsistencies reflect the uncer-
tain nature of these types of determinations and therefore, any com-
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putations based on these must be regarded in this light. 1In addi-
tion, it is also known that kp does not remain constant over the en-
tire conversion range if the temperature of polymerization lies below
the glass transition temperature of the polymer, which is in the
85-100°C range for polystyrene. This effect begins to be signifi-
cant for a weight fraction polymer between 0.8 and 0.9. Beyond this
point, the determination of n is meaningless without a knowledge of
the kp—conversion'behavior.

The behavior of n as a function of the weight fraction polymer,
Wp, ('total' fractional conversion) for the first step of sequence
SSMLR 5 is presented in Figure 3.19. A log scale (left ordinate) is
used for 5, represented by the squares, because of the wide variation
experienced. The points wére computed from both the cubic—épline
(x, ®) and polynomial ‘fits of the conversion histories (Rp) as shown
previously in Figure 3.18. As before, a certain amount of noise was
produced by the cubic-spline fit while a slight oscillation was pro-
duced by the polynomial (7th order) fit. More important, however,
are the results themselves. n was found to increase with conversion
from an initial value in the region of 1/2 to a maximum of about 15
at wp of 0.87 or 0.81 on monomer. Thereafter, the computed n decreased
due to the inaccurate use of a constant kp value as described above.
The fact that n rose above 1/2 (Smith~Ewart, Case 2 kinetics) indi-
cates that in 0.27 um particles containing greater than 35% poly~-
styrene (in styrene) instantaneous termination is no longer a reality
(1.e., two or more growing radicals can co-exist in a particle). This
marks the onset of the transition of polymerization kinetics from

emulsion (H==1/2) to bulk (n>>1). 160
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It seems appropriate at this point to describe more fully the
nature of the transition from emulsion to bulk polymerization kinet-
ics. The rate expression for polymerization in emulsion was given
previously by equation 3.11. The equivalent expression for bulk or

solution polymerization (radical chain) is

= _ dM _ )
R, 3 K, MR (3.13)

[R-], the concentration of all radical species, is computed from

Y

[R-] = (Ri/Zkt) (3.14)

where Ri is the rate of initiation (generally equal to the rate of
decomposition), kt' the termination rate constant, f, the initiator

efficiency, k_, the decomposition rate constant of the initiator, and

d

[I], the initiator concentration. Therefore, for bulk polymerization,

= Y
Rp = kp (M] (fkd[I]/kt)

(3.16)

The basic difference between emulsion and bulk kinetics is there-
fore the difference in the number of growing radical species which can
exist in a given volume of monomer/polymer phase.

This transition can be described conceptually by considering,
for example, a 1 cc volume of monomer/polymer solution at a given con-
version. At that point in time free radicals are generated according
to equation 3.13 which determine a certain rate of polymerization. If
that volume is divided into two parts the overall R.p remains the same.

Even dividing it into a thousand parts results in the same polymeriza-
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tion rate. This is because the number of growing radicals is many
orders larger than the number of parts and is therefore unaffected by
this division. However, when the subdivided volumes approach that
volume 'occupied' by a single growing radical an effect is felt. The
summation of the number of radicals over the parts begins to exceed
the number that existed in the whole. The separation due to subdivid-
ing the system acts to prevent radicals from meeting and terminating.
A point is reached in which a subdivided unit can contain only one
growing radical. This radical terminates when a second radical is
generated (or enters) in the unit. The average number per unit is
therefore 1/2 if the rate of generation is constant. If these units
are further divided, the same average number of radicals still exist
in each unit and therefore the polymerization rate summed over all
units is doubled with each division of all units. Conversely, in a
latex system of small particle size (e.g., 0.05 um), Smith-Ewart Case
2 kinetics generally exists throughout a polymerization. The rate is
controlled by the number of particles and the monomer concentration
within the particles. Under these conditions, if the number of par-
ticles is halved with a corresponding doubling of particle volume,
the rate of polymerization is halved. This trend continues until
conditions exist in which more than one growing radical can exist in
a particle at any given time. This is highly dependent on particle
size (volume) and conversion (monomer concentration in the particles).
n is therefore the single most important factor determining the over-
all rate of emulsion polymerization. The history of the theoretical

approach for obtaining n will be described in Chapter 4. However,
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some of the expressions derived for computing n will be employed
here to further the analysis of the kinetic results.

The number of free radicals in a particle is determined for the
most part by the rates of radical absorption, desorption, and termin-
ation. The Smith-Ewart recursion expression [46], which represents a
free radical balance for the entire latex system, has been extended
and solved by Steckmayer [64] and O'Toole [65] by assuming pseudo

steady-state conditions:

n = (a/4) Im(a)/Im_l(a) (3.17)

where Im(a) is the modified Bessel function of the first kind. m is

a measure of the degree of radical desorption,

m= kde v NA/kt (3.18)

kde being the desorption rate constant, and v the particle volume. a

is related to another parameter o, by

a= (BG)E (3.19)

where pa is the rate of radical absorption. This treatment was ex-
tended further by Ugelstad et al. [66] to account for the reabsorption
of desorbed radicals plus aqueous phase bi-radical termination.

In the emulsion polymerization of styrene, desorption and ag-
eous phase termination are generally considered to be inconsequential
with respect to the polymerization kinetics. Exceptions have been

found, however, for very small particle sizes (.05- .08 um) and low
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initiation rates [67,68]. This treatment also neglects these in light
of the large particle size being dealt with in these studies. (De-
sorption was found to be proportional to the inverse square of the
particle radius [67]1). In this case, m=0 and the Bessel functions of
equation 3.17 are reduced to zero and first order.

van der Hoff [69] described a subdivision factor, z, by

z = n/(a/4) = I_(a)/1 (a) . (3.21)

In other words, z is the ratio of the number of radicals in a latex
particle of volume, v, to the number of radicals existing in an equiv-
alent volume in a bulk polymerizatiqn under identical moncmer/polymer
conditions. Figure 3.20 presents the variation of z with a, illus-
trating (somewhat qualitatively) the regions of conventional emulsion,
suspension, and solution (or bulk) polymerization kinetics. It can be
seen that z~ 1 if a is greater than about 10, this being the region of
solution kinetics. Values of a between 1 and 10 are given to describe
the suspension polymerization region where z is roughly between 1 and
3 (i.e., .75§ﬁii2.5). The region of emulsion polymerization kinetics
is defined by values of a less than 1, where z is greater than 3
(n<.75). Therefore, the transition from emulsion to bulk kinetics is
defined to take place well within the limits of 0.1<a<100 (i.e., 3
orders of magnitude in a). These correspond to values of n in the
range between 1/2 and 25.

The criteria described above are applicable to water soluble
initiators from which radicals are formed and enter particles singly.

The case for oil soluble initiators has also been made in which radi-
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cals are created in pairs within the particles [70]. The subdivision

factor for this case is given by
z = tanh (a/4) (3.22)

which indicates a decreasing z with decreasing a, the opposite of the
case presented above. In either case, the rate of polymerization is
described by

_ b
RP = kp[M] (Ri/Zkt) z (3.23)

which is applicable to emulsion, suspension, solution, and bulk pol-
ymerization systems.

This transition has also been described by others from various
perspectives. Friis and Hamielec [71] found that n is equal ﬁo or
greater than one-half throughout emulsion polymerizations of styrene,
conforming to Case 2 kinetics (n=0.5) at low conversions and Case 3
{(n>>1) at high conversions. The polymerization rate under Case 3 condi-
tions was considered independent of the particle number and therefore
corresponded to bulk polymerization kinetics. The transition range
petween Case 2 and Case 3 kinetics corresponded to values of n between
0.5 and 10. Saidel and Katz [72] have described stochastic and de-
terministic approaches to modeling the kinetics of emulsion polymer-
ization. TIf the rate of radical arrival is much less than the term-
ination rate within the particles (i.e., n=1 or 0), the stochastic
model is applicable. The deterministic model describes the opposite
case in which rate arrival is much greater than the rate of temination
(n>>1). These account for Case 2 and Case 3 kinetics but not the
transition region between the two. Ugelstad and Hansen [32] describe
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the transition between Case 2 and Case 3 kinetics by setting bounds
of 0.1 <a<10. These correspond to values of a between .89 and 8.9
which is roughly the same as those presented for suspension polymer-
ization kinetics by van der Hoff [69]. This can be seen in Figure
3.21 which shows the relationship between n and a for various values
of m [66]. For m=0 the transition between n = 1/2 and n= (a/2)!! is
indicated. The lower limit on o perhaps should be reduced to 0.1 to
encompass more of the transition raﬁge.

The criteria presented in both Figures 3.20 and 3.21 require
knowledge of o in order to define where a specific set of polymeriza-
tion conditions lies with respect to the transition region. However,
the parameters pa and kt are subject to some uncertainty. Generally,
pa, the rate of absorption, is assumed to be equal to the rate of
initiation, but this may not be true especially in the case where
aqueous phase termination is important. The termination rate cons-
stant is also known to vary with conversion during Interval III where
the gel effect predominates. A number of effofts have been made to
better define this 'constant' through empirical means at first [68,
76,73] and then by more theoretical approaches based on free volume
theory and entanglement coupling [74 - 78]. In spite of all these ef-
forts it is obvious that the variation of kt with conversion and
molecular weight is still not wholly understood since significant dif-
ferences in the results are evident.

In these studies, the variation of kt with conversion was ap-
proximated from the experimental data by making a number of simplify-

ing assumptions: 1) the rate of radical absorption equaled the rate
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Figure 3.21 Average Number of Radicals per Particle n as a Function
of the Parameters a' and m [32].
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of initiation (f=1); 2) the effect of desorption and aqueous phase
termination were negligible; 3) the amount of monomer in the aqueous
phase was insignificant; 4) the propagation rate constant followed the
relationship given by equation 3.12, permitﬁing computations of n;

and 5) a simplified expression for 5, derived by Ugelstad and Mgrk
[79] was applicable for backcalculation of kt' This expression is
given by

n= (0.25 + %)!’ ' (3.24)

and is applicable for cases in which radical desorption and aqueous
phase termination are negligible. Therefore, with knowledge of H,
pa, v, and Np, kt could be calculated. An example of the results ob-
tained following this computation method is given in Figure 3.19 (x's)
for SSMLR 5-1 (right hand ordinate). kt is shown to decrease three
orders of magnitude from about 107 to 104 1/mole-sec over the range
of Wp from 0.35 to 0.85. The apparent increase in kt after Wp of 0.9
was attributed to the changing kp which was unaccounted for in this
analysis. Since these methods produced values of kt which were de-
pendent on the original value of n and involved a number of assump-
tions, some of which may be inaccurate, the evaluation of the degree
to which any given polymerization proceeds into the transition region
should be done independent of a (or a).

The use of 5, as obtained from experimental data, to determine
the extent (if any) to which the kinetics proceeds into, through, or
past the transition region according to the criteria of Friis and
Hamielec (i.e., O.5-<H-<10) can be evaluated via the results of the

successive seeding experiments. The effects of particle size (seeding
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step) and total fractional conversion (Wp) on n for the results of
SSMLR 5 are presented in Figure 3.22. The final particle size for
each seed step is the same as that given previously in Figure 3.16.
n is shown to increase with conversion for each step and in a parallel

fashion with increasing particle size. A portion of each curve for

the first four steps is in the n range of 1/2 to 10 while the remain-
ing three are outside this range. According to the criteria de-
scribed previously, this indicates that even at a particle size of
0.27 um (swollen diameter) and an initial monomer/polymer ratio of
2/1, the polymerization kinetics are already in the transition region
and perhaps even traverse it in a single polymerization. This type
of plot, however, does not give any real indication of the degree to
which the transitibn was bridged in terms of the proximity to Case 3
or bulk polymerization kinetics (i.e., Rp indpendent of Np). If the
polymerization rate as a function of the number of particles is plot-
ted at various conversion (as presented by Pramojaney [18], results
are obtained as given in Figure 3.23 (bottom). The rate is represented
by an¢m where ¢m is the volume fraction monomer in the particles.
Three different conversion levels (Wp) are represented: 0.35, 0.60,
and 0.80. The initial polymerization rates, approximated at wp==o.35,
show an initial large decrease with decreasing number of particles
(i.e., increasing particle size) from the first to second step, fol-
lowed by smaller and a somewhat steady decrease in the rate. iNote
that a slope of 1 {dotted line) would be equivalent to Case 2 kinetics.
This indicated that some dependence on particle number was experi-
enced even when n exceeded 10. At a conversion equivalent to Wp of

0.60, the effect of decreasing particle number was found to be insig-
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nificant after the first seeding step, while at Wp = 0.80 the rate was
apparently independent of particle number throughout the entire sequence.
These observations are in accord with the behavior of the conversion-
time curves (Figure 3.16) through the fifth seeding step which show de-
creasing initial polymerization rates with increasing particle size and
yet nearly identically shaped curves over the upper portion of the con-
version scale. (Recall that steps 6 and 7 resulted in significant
generation of new particles, which negates any kinetic analysis.) The
kinetic transition can also be viewed from the dependency of n on par-
ticle diameter in the seeding sequence. A replot of the data of Figure
3.22 to illustrate this effect is given for the same three conversion
levels in Figure 3.23 (top). Much of the data lie on straight lines
with obvious divergence at low values of n. These deviations can be
attributed to the approach to case 2 kinetics as the particle diameter
decreases. All these lines drawn through the data have a slope of 3

and any deviation of a point from these lines indicates a deviation

(a/2)% and

from the proprotionality, no d3. For Case 3 kinetics n
therefore,,ﬁ<x(v/Np)%. However, in these seed sequences Npal/d3 as
described previously, and thus na d3. This proportionality is valid
provided that the same kt vs. Wp function applies to each polymeriza-
tion and also that the rate of radical absorption is likewise the

same for each step at a given conversion. This last point should

not be strictly true since longer times should result in lower initia-
tion rates due to consumption of initiator. This type of plot may

not be sensitive to these differences, however. Nevertheless, the

transition to 'bulk' kinetics appears to be substantially complete
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through the fourth seeding step (0.82 um).

The variation of kt with conversion as back-calculated from n
is given for SSMLR 5 steps 1-4 in Figure 3.22. For comparison, the
empirical relationship developed by Friis and Hamielec [73] from bulk
polymerization data is also presented (solid line). Note that the
SSMLR 5 experimental curves do not match each other at low conversions.
The apparent values for kt increase with increasing particle size (Wp =
0.35). Recall that these computations assume an initiator efficiency
of 1.0 which may be incorrect in view of these results and the 'absorp-
tion efficiency' results presented earlier in Table 3.7. If these effi-
ciencies are substituted into the kt analysis the effect is to decrease
the values of kt to more comparable but not exact numbers. However, if
these efficiencies are used throughout the analysis of the entire con-
version histories the converging curves of Figure 3.22 would diverge
at higher conversions. It does not seem likely that there should be
any significant differences in the kt functions from step to step be-
cause of the similarity in the weight average molecular weights of the
polymer products (Table 3.6). One possibility is that the absorption
efficiency may also change with conversion, being 1low initially ({(de-
creasing with increasing particle size or decreasing total surface
area) and increasing with conversion to comparable values for each step
in the sequence. This explanation may not be compatible from a mech-
anistic point of view with the description of the adsorption rate given
by Equations 3.8- 3.10 since no dependency on conversion is present in
these expressions. Perhaps a decreasing equilibrium monomer conceéntra-

tion in the aqueous phase due to decreasing concentration in the par-
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ticles plays a role in increasing the absorption efficiency. Radical
loss due to precipitation or aqueous phase termination may decrease
with the lower monomer level due to the increased life-time of radi-
cal oligomers with short chain lengths (i.e., the interval between
additions of monomer units is increased).
3.5.3.4 Summary
A number of points should be stressed based on the results of

the persulfate initiated sequences SSMLR 4 and 5:

1) 'Mondisperse' polystyrene latexes, free of significant quantities
of small off-size particles, were prepared in 4 successive seeding
steps up to 0.82 um starting with a 0.19 um seed. However, 2 - 4%
of the particle population consisted of larger off-size particles
attributed to the limited stability provided at the low emulsifier
coverage. The recipe conditions were 2/1 monomer/polymer, 4% sur-
face coverage via Aerosol-MA, 0.5 mM K2S208, and 30% final solids
content. Above 1 um, the nucleation of small particles became
significant under these conditions. These latexes could not be
prepared under 'normal' bottle bolymerization conditions without
complete flocculation.

2) Apparent sulfate ion radical absorption efficiencies, computed from
surface charge analysis, were found to decrease with increasing
particle size up to 0.82 um.

3) The initial polymerization rates decreased with increasing particle

size but with decreasing sensitivity (up to 1.19 um).
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4) In all cases, R.p increased with conversion up to about 80% due to
the gel effect. n exceeded 1/2 and increased with conversion and
particle size.

5) The transition from 'ideal'’ emulsion polymerization kinetics (Case
2, ﬁ==1/2) to 'bulk' kinetics (Case 3, n>>1) was evaluated based
on several kinetic relationships. The approach to Case 3 condi-
tions, where R.p is independent of Nﬁ,and n is directly proportional
to d3 (v), was substantiated through the fourth seeding step (0.82
um) . At high conversién (X=0.8) the rate was nearly independent
of Np and n was proporticnal to d3. The most sensitive means for
judging whether a polymerization took place beyond the transition
region was by simply observing whether the conversion histories
overlapped for two consecutive seeding steps.

Improvements in the monodispersity of the product latexes above

1 um was believed possible by increased solids contents (up to 50%)

and decreased initiator concentration (e.g. 0.1 mM Kzszos) at the

same emulsifier surface coverage (4%). However, interest was shifted
to oil phase initiation, being more promising for reducing particle

nucleation.

3.5.4 AIBN and AMBN Initiated Sequences

The minimization or elimination of the nucleation of new par-
ticles in sucqessive seeding experiments intended to produce monodis-—
perse latexes up to 2.0 um was considered more likely through the
use of oil soluble initiators in combination with water soluble inhib-
itors. This recipe formulation strategy was proposed to reduce the

presence of free radicals growing in the aqueous phase by limiting
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the amount of initiator decomposing outside the particles and des-
troying those that did by reaction with an inhibitor. The choice of
the various initiator/inhibitor combinations for testing was based on
the results of Tseng [80]. A number of organic peroxy and azo-type
initiators were evaluated with the latter being favored due to higher
polymerization rates (initiator efficiencies) in seeded polymeriza-
tion experiments. AIBN (2,2'—azobis(isobutyronitrile) and AMBN
(2,2'-azobis(2—methylbutyronitri1e)), VAZO 64 and 67, respectively,
were the two initiators chosen for these studies. The effectiveness
of a variety of water-soluble inhibitors in preventing new crop gen-
eration was also evaluated. Three of these were used in these stud-
ies; ammonium thiocyanate (NH4SCN), sodium nitrite (NaNOz), and hydro-
quinone (HQ). Five sequences were performed using AIBN initiator
(SSMLR 6 - 10) in combination with the three inhibitors plus a blank
(i.e., without inhibitor). Four sequences used AMBN as initiator,
three of which included HQ as the inhibitor.

3.5.4.1 Recipe Definition and SSMLR 6

Recipes paralleling those of SSMLR 5 were outlined for a sequence
using AIBN initiator and NH4SCN inhibitor, these components being
substituted for the K28208 and NaHCO3. The level of AIBN was chosen
as 0.4% by weight on monomer (22.1 mM based on monomer or 1l4.7 mM on
the o0il phase) a typical value for recipe evaluation [80]. The in-
hibitor concentration was also selected on this basis, being 0.25% by
weight in the aqueous phase. As in SSMLR 5, the fractional surface

coverage was 0.04 (Aerosol-MA), the swelling ratio, 2/1, and the

final solids content, 30%. The swelling procedure was modified to
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accommodate the need to dissolve the initiator in the monomer by
swelling initially with 80% of the monomer for about 10 hr and the
final 10 hr with initiator added in the remaining monomer. This was
done to reduce the time the initiator spent at room temperature prior
to the polymerization and also to reduce the chances of initiator
loss'due to any viscous monomer/polymer material formed during the
early portion of the swelling.

The first polymerization step using the recipe as outlined above
was not carried out successfully in the LUMLR. Af£er two hours pol-
ymerization time the piston movement slowed to a stop well before the
level expected from previous polymerizations. This behavior was at-
tributed to the formation of gas bubbles in the reactor preventing
movement of the piston and therefore, any kinetic measurements. The

bubbles were formed from the N2 evolved by the decomposition of the

initiator:
CH CH CH
1 3 1 3 A t 3
CH—C-N=N—C-CH——-+N + 2 CH_~-C-
CN CN CN

Subsequent polymerizations were conducted using initial AIBN concen-
trations of 4 mM based on monomer (0.072% by weight on monomer) .

This quantity was set by considering the amount of nitrogen gas that
could be absorbed by the aqueous phase which had been degassed at a
pressure of 20 mm Hg. In other words, it was determined that approx-
imately 1.8 x 10“4 moles of AIBN (4 mM in 20 gm sytrene) would have
to decompose before the aqueous phase became saturated with N2 re-

sulting in bubble formation and loss of kinetics.
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SSMLR 6 was performed with the above revision in the initiator
concentration and also a reduction in the inhibitor level to 0.1%
based on the aqueous phase. The recipe 'constants' for this sequence
are presented in Table 3-8. Note that the solids contents were sig-
nificantly lower than those found in the previous sequences and de-
creased after the second step. There were two reasons for this:

1) monomer and polymer were lost during the swelling process due to
the development of a viscous M/P phase; 2) flocculation increased
greatly from step 4 to 5 to 6. A seventh step was not possible due
to the heavy loss of particles.

Table 3-8

Recipe 'Constants' for SSMIR 6

SSMIR 6 M/P - % Solids*  [AIBN] o (mM) .[NH4SCN] 0 (mM)
1 2.01 26.0 4.00 13.14
2 1.98 26.7 4.61 18.25
3 1.86 25.7 4.68 19.97
4 1.97 25.0 4.69 20.92
5 2.35 22.5 4.63 21.38
6 2.23 16.7 4.72 20.74

*Measured following polymerization.

The flocculation as described above was an indication that the
stability of the particles decreased with increasing particle size.
The instability was verified by SEM examination of the product latexes
as shown in Figure 3.24. Off-size larger particles can be seen as
early as the second seeding step being particularly apparent in the
third step and thereafter. There are two explanations for the sta-

bility being lower in this case as compared to that of SSMLR 5. First
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Figure 3.24 Scanning Electron Micrographs of Latexes Produced in
SSMLR 6
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and foremost, the ionic strength was by the recipe design more than
four times higher in SSMLR 6 than in SSMLR 5, being 1.8 x lO-3 and

0.44 x 10—3, respectively (not accounting for surfactant or particles).
An increasing ionic strength affects stability by decreasing the double
layer thickness (proportional to the inverse of the square root of the
ionic strength) thereby decreasing the ability of the particles to
repel each other. The second reason for increased instability is also
related to this factor. Since the initiator, AIBN, does not create
charged radical species through decomposition, the particle surface is
diluted of bound charged species (the original surface groups on the
0.19 um seed) from step to step, thereby decreasing their concentration
and contribution to the electrostatic repulsion between particles.
Therefore, the stability of the latex decreased going to the
AIBN/NH4SCN initiator/inhibitor system.

The polydispersity of the latexes produced in SSMLR 6 makes the
kinetics of little value and therefore, will not be reported. The
value in these results lies in the lesson that 